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ABSTRACT 
Rendered protein by-products used as feed ingredients in companion animal, aquaculture, 
and livestock diets may be susceptible to protein oxidation during storage and processing. These 
ingredients are expected to be stable for up to 2 years at ambient temperatures, yet the stability 
and functionality of proteins in these ingredients during storage and processing is unclear. If 
these products are susceptible to protein oxidation, rendered proteins may contain a greater 
amount of oxidized products have the potential to induce changes in oxidative status when 
consumed by animals. Oxidative stress has clear implications on both livestock production and 
animal longevity. Consumption of oxidized lipids has been shown to induce oxidative stress and 
reduced performance in livestock. It is critical to understand if consumption of oxidized protein 
can also induce oxidative stress. The objective of this dissertation was to determine the extent to 
which storage and extrusion may impact protein oxidation in rendered protein meals, and how 
protein oxidation affects their suitability as an animal feed ingredient. It was hypothesized that 
storage and extrusion of rendered protein meals will cause an increase in protein oxidation that 
when fed to animals will reduce performance and induce oxidative stress. A study was conducted 
to determine if the common method to measure protein oxidation by carbonyls was more 
effective at detecting differences in protein oxidation than detecting specific oxidation products 
of lysine and arginine via mass spectroscopy analysis. It was determined that the mass 
spectroscopy approach was too specific and was not representative of total protein oxidation. 
Fish meal and poultry blood meal were shown to be susceptible to protein oxidation during 7 
days of storage at 45°C as well as during 6 months of storage at 20°C. Mixed tocopherols were 
effective in limiting oxidation in fish meal stored at 45°C for 7 days whereas ethoxyquin was 
more effective at limiting the extent of protein oxidation in fish meal stored long-term at 20°C. 
 xiv 
The processing of these proteins into diets may also contribute to further oxidation. Protein 
meals were extruded, and carbonyls and other physical characteristics were evaluated on 
extrudate. Results from this study showed that extrusion induced protein oxidation in poultry 
blood meal, chicken by-product meal, and chicken by-product meal low ash. Mixed tocopherols 
were effective in limiting carbonyl formation in chicken by-product and chicken by-product low 
ash while ethoxyquin was effective at limiting carbonyl formation in fish meal. Physical 
characteristics were impacted by inclusion of antioxidant, but these differences were dependent 
on product. The final studies included in this dissertation aimed to determine if short-term 
consumption of oxidized rendered meals (spray dried plasma – 10% inclusion in the final diet, or 
chicken by product - 23% inclusion in the final diet) would induce oxidative status in a pig 
model. However, this research did not find that oxidized rendered meals induced oxidative stress 
in pigs when included in the diet for less than 35 days. The digestibility of protein was reduced 
in the diets that included oxidized rendered meal. An increase in crypt depth or villi height was 
also observed in both studies. A decreased availability in nutrients may be a factor in the 
decreased feed efficiency of pigs consuming the oxidized ingredient. It is still unclear how diets 
extremely high in rendered protein meals (30- 50%), fed the entire lifespan of an animal can 
impact oxidative status. Protein oxidation during storage and processing impacted many of the 
common rendered feed ingredients in this study and may impact their functionality during 
processing. When fed to animals, the oxidation of rendered meals decreased digestibility, altered 
gut morphology, and decreased growth efficiencies. However, relatively short-term feeding of 
these products did not induce systemic oxidative stress measured by protein, lipid, and DNA 
damage. Therefore, while rendered protein meals may increase in protein oxidation during 
storage and extrusion, the use of these ingredients does not induce oxidative stress during short 
 xv 
term feeding. However, the reduced digestibility of protein should be considered when 
formulating diets with oxidized rendered protein meals.
 1 
CHAPTER 1.    GENERAL INTRODUCTION 
Rendered protein meals are commonly used in companion animal, aquaculture, and 
livestock feeds. These ingredients provide a high quality protein that has a favorable amino acid 
profile. During the rendering process, meals are exposed to high temperatures (i.e.> 115ºC) 
needed to inactivate harmful pathogens and spoilage microbes (Anderson, 2006). This process 
turns what would be waste into a valuable feed and is the key to the sustainability of rendered 
ingredients. In a report to the Pet Food Institute, Rosentrater et. al. (2020) determined reductions 
in greenhouse gasses, land, and water use by replacing meat products with animal derived non-
meat products. After production, meals may be stored for extended periods of time (up to 2 
years) before being incorporated or processed into animal feed. In the case of companion animal 
or aquaculture industries, this processing can include extrusion, which utilizes heat, and pressure 
to form a kibble. Some of these protein meals also contain a lipid. Rendering has the potential to 
also oxidize the lipid. If left uncontrolled, strong objectionable odors are produced resulting in 
decreases in palatability (Rosero et al., 2015) and consumer acceptance, resulting in financial 
losses. This has led to renderers and feed manufacturers to utilize antioxidants that were 
designed to primarily limit lipid oxidation. Proteins in these products are perceived as stable 
during storage and processing and therefore have not been examined. 
When proteins are exposed to heat, they are denatured and free radical formation is 
promoted due to increased reaction kinetics, leaving proteins vulnerable to oxidation (Roldan et 
al., 2014; Feng et al., 2015; Zhang et al., 2017). Additionally, products of lipid oxidation, also 
promoted due to heat, can further oxidize proteins (Gardner, 1979; Nielsen et al., 1985; Viljanen 
et al., 2004). Oxidation during rendering or environmental factors such as oxygen exposure, or 
fluctuations in temperature could induce further protein oxidation as rendered meals are stored. 
 2 
Additionally, the high temperatures experienced during the extrusion process may also lead to 
increased protein oxidation. This makes rendered protein meals an ingredient of interest to study 
protein oxidation. However, we don’t fully know what the consequences are for animals that 
consume oxidized proteins in their diets. 
Studies suggest that mice and rats fed a product of protein oxidation for 5 to 24 weeks 
can impact organ function (Wang et al., 2013; Li et al., 2016; Ding et al., 2017). In boilers fed 
heat-oxidized soy protein isolate for 3 weeks, decreased digestive enzyme likely contributed to a 
decrease in digestibility of protein (Chen et al., 2015). Focus on diets containing oxidized 
products have centered around lipids rather than proteins. Diets containing heat induced lipid 
oxidation products have resulted in decreased production efficiencies in poultry (Takahashi and 
Akiba, 1999; Tavarez et al., 2011) as well as decreases of intake and gain in pigs (DeRouchey et 
al., 2004; Boler et al., 2012; Liu et al., 2014a; Rosero et al., 2015). It should also be considered 
that lipid oxidation in these diets may have induced protein oxidation during storage, thus 
contributing to these results. It also appears that dietary lipid oxidation can result in oxidative 
stress arising from an imbalance of pro-oxidants and antioxidants within the body (Boler et al., 
2012; Liu et al., 2014b; Lindblom et al., 2018). 
In livestock, oxidative stress can negatively impact efficiency and production costs 
(Dibner et al., 1996; DeRouchey et al., 2004). The impact of oxidative stress on companion 
animals is less clear, but it is important to make the distinction that the goal of livestock is 
production while companion animals is longevity. This is also the case with humans, where 
oxidative stress is believed to play a part in certain age-related diseases such as Alzheimer’s 
disease, Parkinson’s disease, inflammatory bowel disease, muscular dystrophy, and even 
diabetes (Estévez and Luna, 2017). As we learn more about the impact diet has on long-term 
 3 
health of pets, there is a growing concern of oxidative stress impacting companion animal health. 
Oxidative stress can be a result of pro-oxidants normally produced in the body or reduced 
antioxidant capacity, but consumption of oxidized products may also induce oxidative stress. 
Because rendered protein meals may become oxidized during storage and further 
processing, manufacturers and consumers need to be cognizant of the potential consequences of 
consuming oxidized proteins. It is hypothesized that storage and extrusion of rendered protein 
meals will cause an increase in protein oxidation that when fed to animals will reduce 
performance and induce oxidative stress. The objective of this dissertation was to determine the 
extent to which storage and extrusion may impact protein oxidation in rendered protein meals, 
and how it affects their suitability as an animal feed ingredient. 
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CHAPTER 2.    LITERATURE REVIEW  
Introduction 
For every livestock animal raised in the United States, only half to two-thirds of that 
animal is produced into usable products (Meeker and Hamilton, 2006). The remaining portion is 
then rendered and converted from unusable tissues into valuable animal feeds and other by-
products (Meeker and Meisinger, 2015). This process is essential to nearly all meat processing 
facilities for feed safety, sustainability, and economic reasons. In general, rendering separates 
lipids, protein, and moisture. In addition, it increases the shelf life and safety by destroying 
spoilage organisms and pathogens through the use of high heat. Without this step, rendered 
products would be unusable for animal feed and would result in waste. Rendered protein meals 
are commonly used in a wide variety of animal feeds such as pet food, aquaculture feeds, and 
livestock feeds, as they contain an amino acid profile that matches the needs of these animals and 
is more digestible than plant protein sources such as soybean meal (Meeker and Hamilton, 2006).  
Most rendered protein meals also contain 1-13% lipid which is readily oxidized during 
the rendering process (Meeker and Hamilton, 2006) due to the presence of initiators such as heat, 
metals, or free radicals. Manufacturers and customers routinely test lipid oxidation to confirm 
quality of the meal. Proteins are also exposed to the same initiators as lipid oxidation, leaving 
them susceptible to oxidation. For example, heat has been shown to induce protein oxidation in 
meat and soy protein isolate (Tang et al., 2012; Traore et al., 2012; Roldan et al., 2014; Zhang et 
al., 2017; Mitra et al., 2018). Milk proteins have also been shown to be susceptible to oxidation 
as a result of boiling and spray drying (Li et al., 2019). These studies show that proteins are 
susceptible to oxidation from exposure to heat and processing, yet the industry commonly 
perceives proteins as stable in protein meals. 
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It is a common industry expectation that rendered protein meals can be stored at ambient 
temperatures for 1- 2 years before being fed. Rendered protein meals are then further processed 
by extrusion for companion animal, aquaculture, and some livestock feeds. During storage and 
processing, rendered products may be susceptible to both lipid and protein oxidation. But what is 
the consequence of an oxidized feed ingredient on processing quality and health of animals 
consuming these feeds? 
In livestock species, consumption of oxidized lipids can impact efficiency and production 
costs (Dibner et al., 1996; Takahashi and Akiba, 1999; DeRouchey et al., 2004; Tavarez et al., 
2011). Consumption of oxidized soy protein isolate results in decreases in daily weight gain and 
feed intake (Wu et al., 2014; Chen et al., 2015). However, these studies have been focused on 
non-rendered ingredients. Due to heat used, the rendering process has the potential to add to the 
oxidation of both lipids and proteins which are then fed to animals. Feeding of oxidized products 
in rendered proteins has not been evaluated with respect to animal performance and health. It has 
been suggested that consumption of oxidized ingredients may lead to an accumulation of 
oxidized products in the intestinal epithelium, or liver (Ding et al., 2017; Yang et al., 2017; 
Estévez and Xiong, 2019). This accumulation in pro-oxidants can outcompete the natural 
antioxidant capacity, ultimately resulting in oxidative stress (Berlett and Stadtman, 1997; 
Estévez et al., 2017; Estévez and Luna, 2017). Studies on human health show markers of 
oxidative stress are correlated with age-related diseases (Estévez et al., 2017; Estévez and Luna, 
2017). Aging and age-related diseases are not necessarily a concern for market animals, but 
longevity is a concern for companion animals. Understanding the susceptibility of rendered 
protein meals to protein oxidation during storage and processing is vital as oxidized protein 
products used in livestock and companion animal diets may impact efficiency and/or longevity. 
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To recognize the potential impact of oxidation in rendered protein meals, it is important to first 
understand protein chemistry and oxidation, as well as how oxidative stress can impact health 
and longevity. It is also important to realize how the production and further processing of 
rendered protein meals may contribute to protein oxidation and the implications this may have 
when fed to animals.  
 
Protein Structure and Function 
Amino acids are organic compounds that contain a central a-carbon bound to an amino 
and carboxylic acid functional groups, as well as a side chain that varies in structure for each 
amino acid (Wu, 2009). Side chains can be as simple as one hydrogen as in glycine, or a 
complex acid, base, or ring structure such as glutamic acid, lysine, or tyrosine (Wu, 2009). The 
order in which amino acids are combined to form the protein is the primary structure. Different 
charges and polarity in side chains impacts the nature of their interactions with each other 
(Whitford, 2013). As the side chains of amino acids interact with each other, they form weak 
bonds that allow folding. How a protein folds results in the secondary and tertiary structure (Dill 
et al., 2008). This structure is extremely important in providing functionality to the protein by 
giving it a unique shape to aid in its function (Whitford, 2013). Additionally, the structure 
determines the accessibility of certain regions to the environment. The exposure of regions or 
sites is important in how proteins act upon, bind, degrade, or react with other compounds. 
Proteins function in almost every biological process and play significant roles in 
enzymes, locomotion, transport, signaling, and immune response to name a few (Whitford, 
2013). Enzymes function by lowering the energy required in a chemical reaction. It is impossible 
to complete some biological processes without the assistance of any enzymes (Whitford, 2013). 
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Another function of proteins is contraction which is necessary for actions as simple as 
locomotion, or to pump blood throughout the body (Whitford, 2013). Transport proteins function 
by carrying vital molecules within a cell or throughout circulation such as oxygen. Molecules 
that are unable to diffuse across membranes also utilize transport proteins to cross the membrane 
(Whitford, 2013). Signaling proteins allow cells and tissues to regulate one another or elicit a 
response (Whitford, 2013). The immune system regularly relies on proteins, such as cytokines or 
immunoglobins, to initiate a response as well as fight an infection (Whitford, 2013). Therefore, 
protein functionality is vital and if proteins are damaged or denatured this could lead to a wide 
variety of issues. If this occurs in only a small portion of proteins this many not have a drastic 
effect, but if this damage is widespread, this could result in serious health consequences 
When proteins are denatured by either physical or chemical factors, they lose their 
tertiary structure and ultimately their functionality. Structure can also be impacted by post-
translational modifications such as phosphorylation, methylation, or carbonylation to name a 
few. These changes occur after synthesis and function to regulate activity by adding or removing 
functional groups, or by cleavage of the protein (Wold, 1981). Post-translational modifications 
occur after synthesis and will alter the physical structure to either increase or decrease the 
functionality. Specifically, carbonylation of proteins can be utilized to trigger degradation 
(Dalle-Donne et al., 2006). However, excessive carbonylation can lead to aggregation, and loss 
of solubility concealing sites for proteolysis. This in turn results in the inability for degradation 
resulting in an accumulation of protein aggregates (Dalle-Donne et al., 2006).  
Interactions between side chains resulting in cross linking further contribute to the 
structure within an individual protein. Protein cross links can also help form bonds between 
protein subunits contributing to the quaternary structure of a protein. However, when unintended 
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cross links form, the intermolecular bonds can result in protein aggregates (Dalle-Donne et al., 
2006). As previously mentioned, if a protein becomes aggregated, it can lose its function and 
resist degradation and can become insoluble. Common cross links include disulfides, dityrosine, 
or Schiff bases (Zhang et al., 2013). Disulfides result from the oxidation of two thiol groups. 
Dityrosine is formed in a similar manner when two tyrosine side chains are oxidized. The 
formation of Schiff basses result when carbonyls react with an amine groups such as those found 
on lysine. These changes along with other oxidative modifications will be covered later. 
 
Protein in the Diet 
It is clear that proteins are vital for maintenance and growth of an animal. To build 
proteins, sufficient amounts of each amino acid are needed. This pool of free amino acids in 
circulation can be replenished by the diet, amino acid synthesis, or through mobilizing amino 
acids stored in muscle tissues. Mobilizing stored amino acids is less favorable for growth and 
maintenance. Therefore, amino acids must be either synthesized in vivo by the liver, or included 
in the diet, yet not all amino acids can be synthesized. The amino acids that then must be 
included in the diet are termed essential amino acids, which vary depending on species and 
nutrient requirements (Wu, 2009). Protein ingredients sourced from animal tissues, such as 
rendered meals, contain essential amino acids at higher levels than plant sources (Meeker and 
Hamilton, 2006). This is one major factor that makes rendered protein sources favorable in 
animal diets. When a diet is able to supply adequate amount of amino acid in addition to meeting 
other nutrients requirement, this is a complete diet. This concept of a complete diet is vital as 
most animals are fed the same diet for extended periods of time. If this diet is not complete and 
does not provide nutrients at sufficient levels that are absorbed, this can lead to improper growth 
or development, and may lead to death (Wu, 2009). The first essential amino acid that is not 
 11 
provided at sufficient levels and absorbed is then the limiting amino acid. In most corn/soy based 
animal diets, the limiting amino acids are lysine, methionine, tryptophan, or threonine as corn 
and soy do not contain these amino acids at sufficient levels. The limiting amino acid will also 
drive the inclusion of ingredients or even synthetic amino acids in the diet. It is critical that 
essential amino acids are provided at adequate levels in the diet and absorbed in order to 
maintain proper growth and maintenance. 
 
Protein Oxidation 
 Nutrients such as lipids and proteins can partake in oxidation reactions impacting 
the profile and availability (Frankel, 1998; Estévez et al., 2011). Lipid oxidation has been studied 
for many years to understand the mechanisms and how it impacts food quality.  The topic of 
protein oxidation has proven to be more complex and challenging to study due to the wide 
variation in substrate, catalysts, and products formed as well as the lack of precise methods of 
detecting protein oxidation products (Estévez and Luna, 2017). The first studies on protein 
oxidation found oxidative modification resulted in many products depending on the substrate and 
reaction. However, it was determined that carbonyls, which consist of an oxygen with a double 
bonded to a carbon, were relatively stable products of protein oxidation (Dalle-Donne et al., 
2003). The method developed by Levine et. al. (1990) is widely used to quantify carbonyls as an 
indication of protein oxidation .  
 As food scientists began understanding how protein oxidation impacts food quality, 
studies in human medicine noticed relationships between diseases and oxidation (Estévez and 
Luna, 2017). From these studies, there is a basic understanding of the mechanisms, the final 
products, and how to measure protein oxidation. 
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Mechanisms of Protein Oxidation 
Just as lipids can become oxidized when exposed to reactive oxygen species (ROS), 
proteins are also susceptible to ROS attack leading to oxidation. ROS are comprised of free 
radical molecules or nonradical molecules. Free radicals are compounds that have an unbalanced 
outer valence electron shell such as hydroperoxyl radical, hydroxyl radical, or superoxide ion. 
This imbalance in electrons causes ROS to be highly reactive to capture or lose an electron in 
order to have an even number of electrons in its outer shell (Bachi et al., 2013). Free radical 
molecules can be formed from many environmental factors such as heat, light, peroxides, or 
other free radicals (Frankel, 1998). In such cases, enough energy is present to break a covalent 
bond, leaving an unstable unpaired electron that acts as a free radical further attacking other 
bonds leading to the propagation of free radicals (Frankel, 1998). Non-radical ROS are 
compounds containing oxygen that are also highly reactive in promoting oxidation but have 
filled valence electron shells such as hydrogen peroxide, singlet oxygen, or peroxides (Bachi et 
al., 2013).  
ROS can attack proteins on various sites with varying affinity and rates as seen in Table 
2.1. This preference causes many differences in susceptibility and even more end products of 
protein oxidation. As a result, numerous changes can occur to a protein including cleavage of the 
backbone, side chain modification, or protein cross links. 
One mode of action in which proteins can be oxidized is by non-enzymatic cleavage of 
the protein backbone. This occurs when a hydrogen is removed from the a-carbon (central 
carbon of amino acid) creating a carbon centered radical. The carbon radical will react with O2 to 
form an alkylperoxide which can then be replaced with alkoxyl radical (Figure 2.1). This then 
sets the stage for cleavage of the backbone through the diamide or a-amidation reactions (Figure 
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2.2). In this case, the peptide bond between amino acids is cleaved (Berlett and Stadtman, 1997). 
It is also important to recognize this reaction increases the number of carbonyl bonds present.  
Another process in which proteins can become oxidized is by side chain modification. 
Side chain modifications can be difficult to comprehend due to the extremely wide variety of 
pathways and end products formed. For example, different ROS can attack in different locations 
on amino acids producing many different products. Side chain modifications can also create 
more ROS which can go on to attack other susceptible compounds. Even with this complexity, 
certain amino acids are more reactive than others. Cysteine and methionine are the most reactive 
due to the sulfur atom being the strongest nucleophile, allowing it to be easily removed (Zhang et 
al., 2013). The resulting product of this reaction is sulfenic acid, thiol peroxyl radical, disulfide, 
or sulfoxide (Schöneich, 2008). Other amino acids such as lysine, histidine, tryptophan, tyrosine, 
and arginine are all major targets of ROS (Zhang et al., 2013; Davies, 2016), with aromatic 
amino acids (tyrosine, tryptophan, and histidine) being the most preferred (Berlett and Stadtman, 
1997). Examples of products formed during oxidation of side chains are summarized in Table 
2.2. There are many products formed during protein oxidation and it should be noted that this list 
does not contain all possible products. Oxidation of proline, arginine, lysine, and threonine all 
result in the formation of carbonyls (Dalle-Donne et al., 2003). Since many products of side 
chain oxidation and backbone cleavage result in carbonyl formation, the carbonyl assay captures 
many products of protein oxidation to give an indication of total protein oxidation (Berlett and 
Stadtman, 1997). 
As amino acids are oxidized, the interactions between the side chains will change, 
causing a different secondary structure of the protein. In vivo, a change in protein conformation  
can lead to a loss of function of enzymes activity, or transport capacity (Berlett and Stadtman, 
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1997; Shacter, 2000). As a nutrient in a feed, alterations in protein structure can result in 
aggregation (Bao et al., 2018), leading to decreased solubility, as well as proteases access (Zhang 
et al., 2013). This decrease in susceptibility to proteolysis can also reduce the availability of 
amino acids in the diet. It should be noted that oxidation of amino acids can also result in the 
formation of ROS .  
The last process of protein oxidation that will be discussed in this review is cross-linking 
of proteins. As mentioned earlier, the sulfur containing amino acids cysteine and methionine, are 
the most reactive. The subsequent products of cystine react to form disulfide bonds resulting in 
protein cross linking. In biological systems, oxidation of cystine and methionine can be reversed 
by the enzymes methionine sulfoxide reductase, disulfide reductase, and sulfiredoxin (Davies, 
2016) as well as reducing agents such as mercaptoethanol and dithiothreitol (Zhang et al., 2013). 
In fact, it is hypothesized that increased levels of surface methionine are included in proteins to 
be sacrificed during oxidation. By favoring the formation of reversable oxidation products, the 
protein is able to protect critical amino acids that would produce irreversible products of 
oxidation such as carbonyls (Levine et al., 1999). This is further supported by a study that found 
glutamine synthetase function was not diminished with the oxidation of surface methionine. On 
the other hand, if methionine buried within glutamine synthetase became oxidized, a loss of 
function was observed (Levine et al., 1999).  
Other amino acids such as lysine and tyrosine can also result in the formation of protein 
cross links. Lysine can react with carbonyls to form Schiff bases. Carbonyls participating in this 
reaction can originate from other proteins or from products of lipid oxidation such as 
malondialdehyde and hydroxynonenal (Requena et al., 1997). The oxidation of tyrosine results in 
dityrosine which can also lead to cross linking of proteins (Huggins et al., 1993). Again, these 
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reactions causing cross links can cause structural changes of the protein leading to aggregation, 
further impacting the solubility and susceptibility to proteolysis (Zhang et al., 2013). However, 
unlike disulfide cross links, these reactions are irreversible and form stable products. In fact, it 
has been shown that dityrosine bonds are resistant to protease enzymes (Giulivi and Davies, 
1994). Proteases act by cleaving peptide bonds from proteins to generate small peptides and free 
amino acids. Proteins in feeds need to be susceptibility to proteolysis to be broken down into 
amino acids and small peptides. Proteins in vivo also need to be degraded to regulate enzyme 
activity, clear damaged proteins, or to be metabolized in the liver for energy needs. 
As a whole, a protein can undergo any combination backbone cleavage, side chain 
modification, and protein cross links. In such a case, the protein becomes damaged and has the 
potential to cause further oxidation reactions. 
There are many factors that will affect the rate and extent of protein oxidation. For 
example, it is known that high and low water activity can accelerate oxidation by increasing the 
interaction between ROS and protein (Sun et al., 2002). Conversely, moderate water activity can 
retard oxidation by providing a hydroscopic barrier around proteins (Sun et al., 2002). 
Additionally, heat provides increased energy to initiate electron abstraction or homolytic 
cleavage of bonds resulting in free radical formation (Frankel, 1998). As a result, heat has been 
shown to increase protein oxidation in meat and protein meals (Tang et al., 2012; Roldan et al., 
2014; Zhang et al., 2017). Additionally, metals such as iron and copper can also induce protein 
oxidation by catalyzing the formation of ROS through the Fenton reaction (Amici et al., 1989; 
Rahal et al., 2014).  In addition to environmental factors, structure of proteins have significant 
impacts. In the case of intact folded protein, amino acids that are located near the surface are 
closer to ROS. However, amino acids buried within the protein are protected by the structure. 
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This limits the exposure of buried amino acids to ROS, thus reducing the susceptibility to 
oxidation. (Levine et al., 1999). It is also important to consider that products of lipid oxidation 
can further oxidize proteins and vice versa (Gardner, 1979; Viljanen et al., 2004).  It is 
commonly known that increased unsaturation, specifically polyunsaturation, will also increase 
the susceptibility of a lipid to oxidation (Frankel, 1998). Rendered protein meals can contain 10-
15% lipid. Certain sources such as fish or poultry contain fairly unsaturated fatty acid profiles. 
Therefore, fish and poultry protein meals may be susceptible to lipid oxidation that have the 
potential to further oxidize proteins. 
  
Measures of Protein Oxidation 
While most pathways of protein oxidation can produce many products (Table 2.2), the 
amount produced as well as which products are produced is dependent on the protein structure 
and composition in addition to the catalyst. However, it is clear that backbone cleavage as well 
as oxidation of susceptible amino acids, such as lysine and arginine, all result in the formation of 
carbonyls, making these compounds the most common product of protein oxidation (W. Zhang, 
Xiao, & Ahn, 2013). Additionally, carbonyls are considered stable (Dalle-Donne et al., 2003). 
Therefore, the detection of carbonyls has traditionally been used to estimate the level of protein 
oxidation that has occurred.  
The carbonyl assay was first described by Levine et al. (1990) as an alternative to other 
assays that required purified proteins. In the carbonyl assay described, 2,4-
dinitrophenylhydrazine (DNPH) is incubated with a protein solution. The free amine of DNPH 
will react with the carbonyl through a dehydration reaction, where the nitrogen from the amine 
will replace the oxygen in the carbonyl to form water and 2,4-dinitrophenylhydrazone. Following 
this incubation period any excess DNPH is washed away leaving only the 2,4-
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dinitrophenylhydrazone, which can be quantified by absorbance at a wavelength of 365 nm 
(Levine et al., 1990). Once the carbonyl content is determined, it is standardized to the protein 
content giving a final value of nmol of carbonyl/mg of protein. This test has become the standard 
protocol to evaluate protein oxidation due to its simplicity and ability to capture a wide range of 
irreversible protein oxidation products (Zhang et al., 2013).  
However, like any assay there are limitations. For example, carbonyl formation occurs 
from cleavage of the protein backbone, as well as direct oxidation of arginine, lysine, proline, 
and threonine (Berlett and Stadtman, 1997; Zhang et al., 2013). Additionally, secondary products 
of lipid oxidation such as 4-hydroxy-2-nonenol (HNE) or malondialdehyde (MDA) also contain 
a carbonyl group. As mentioned before, free radicals produced during protein oxidation can 
initiate lipid oxidation (Gardner, 1979), further contributing to the formation of MDA and HNE. 
The interaction between protein oxidation, and MDA was recently evaluated by Estévez et. al 
(2019). This study determined that MDA at concentration about 5 mM will contribute to total 
carbonyls by binding to unoxidized lysine, thus resulting in overestimation. Carbonyls can also 
be formed when free amine groups found on lysine side chains react through the Maillard 
reaction with reducing sugars (glucose, fructose, mannose, lactose) to create carbonyl derivatives 
(Zhang et al., 2013). The formation of carbonyls from lipid oxidation products and Maillard 
reaction products cause an overestimation of protein oxidation as they measure carbonyl not 
formed from oxidative modification of proteins (Estévez et al., 2008). Furthermore, carbonyl 
compounds that are buried within proteins have to potential to not react with DNPH, leading to 
an underestimation. Certain studies have worked on improving the current DNPH method, one of 
which utilizes 5% sodium dodecyl sulfate (SDS) to unfold the protein to expose it completely to 
DNPH (Soglia et al., 2016).  
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Other assays that have been used measure other products of protein oxidation such as 
disulfide (Thannhauser et al., 1984), dityrosine (Giulivi and Davies, 1994), or the formation of 
protein cross-links and aggregation (Estévez et al., 2011). Each of these provide the advantage of 
measuring products of protein oxidation. However, assays to determine disulfide, dityrosine, or 
cross-links and aggregation only provide insight to the formation of a specific product of 
oxidation. Products of oxidation are complex and can vary depending on amino acid profile, 
protein structure, oxidizing environment, or catalysts. Although the carbonyl assay does measure 
total carbonyls without the ability to distinguish if it formed as a result of protein oxidation, it 
does provide a better indication of the potential for protein oxidation. Other methods have been 
developed to detect carbonyls by means of ELISA, western blot, or in-gel detection using 
fluorophoric tagging. The latter two methods do allow for identifying specific proteins that have 
been oxidized which can be useful for measuring protein oxidation in biological samples 
(Alomari et al., 2018). However, with ever increasing technology, use of mass spectrometry 
techniques provide a more precise analysis to measure specific compounds. This technology has 
been utilized to increase the specificity of the carbonyl detection (Akagawa et al., 2006; 
Armenteros et al., 2009; Estévez et al., 2009). 
As previously mentioned, the carbonyl method will detect a variety of carbonyl products, 
including those that did not originate specifically through protein oxidation leading to an 
inherent overestimation of carbonyls directly from proteins. The specific carbonyls formed from 
lysine and arginine during protein oxidation can be detected and quantified using mass 
spectrometry. The most common carbonyls analyzed for are a-aminoadipic semialdehyde(AAS) 
and g-glutamic semialdehyde (GGS) as these two encompass the majority of carbonyls generated 
from protein oxidation (Requena et al., 2001). The compound AAS results from the direct 
 19 
oxidation of lysine, while GGS is formed when proline and arginine become oxidized (Requena 
et al., 2003). Although it requires more technical equipment, this method shows promise of 
accurately estimating oxidation for lysine and arginine (Estévez et al., 2009). However, to fully 
understand the extent of overall protein oxidation, each individual product of oxidation would 
need to be analyzed. Therefore, while the carbonyl measure overestimates the extent of 
oxidation, it does capture the vast majority of oxidized protein products and is still a good 
indication of total protein oxidation. 
 
Protein Oxidation on Health 
Reactive oxygen species such as superoxide, hydrogen peroxide, and hydroxyl radical 
can be formed through normal metabolism in vivo by electron leakage from the mitochondrial 
membrane, or oxidoreductase enzymes, as well as by normal immune response by neutrophils or 
macrophages (Shacter, 2000; Bachi et al., 2013). Additional sources of ROS can be produced as 
by-products of degradation of fatty acids by peroxisomes and degradation of dietary toxins from 
cytochrome P450 (Ames et al., 1993). Cytochrome P450 is of particular interest when analyzing 
dietary effects as toxins consumed in the diet are oxidized by these enzymes in the liver resulting 
in ROS as a by-product (Ames et al., 1993). It has also been shown that a deficiency in protein 
can increase the activity of cytochrome P450 enzymes (Anderson and Kappas, 1991). It is 
important to realize that production of ROS is normal and a product of many biological 
functions. Additional ROS can also be introduced by other stimuli such as ultraviolet radiation, 
heavy metals, metabolic distress, chronic inflammation, or disease challenges (Bachi et al., 
2013). The production of ROS are needed for cell signaling such as apoptosis, proliferation and 
differentiation (Dypbukt et al., 1994; Hampton and Orrenius, 1998). The immune system also 
relies on ROS to providing a defense mechanism to destroy pathogens (Knight, 2000). A basal 
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level of ROS is tightly regulated, but if left unchecked, could lead to oxidative damage of lipids, 
proteins, or DNA. Mechanisms such as enzymes, metal binding proteins, and vitamins are 
utilized to clear ROS (Shacter, 2000; Stadtman and Levine, 2006).  
As molecular oxygen is reduced to H2O, it must gain four electrons one at a time. This 
process results in ROS (Bachi et al., 2013). However, endogenous enzymes are able to convert 
ROS into a less reactive form. The first step in molecular oxygen reduction is the addition of an 
electron resulting in the formation of superoxide anion (Bachi et al., 2013). The next reducing 
step is to add another electron with a proton to form hydrogen peroxide. This reaction can 
spontaneously occur at a rate of 10
5 
M
-1 
s
-1
(Liochev and Fridovich, 2007). Superoxide is a strong 
free radical that can readily cause oxidative damage, whereas hydrogen peroxide is a more stable 
compound. Therefore, increasing this reaction rate is favorable to protect biological compounds 
(Case, 2017). The enzyme superoxide dismutase will consume superoxide, producing hydrogen 
peroxide and molecular oxygen at a rate 10
9 
M
-1 
s
-1 
(Liochev and Fridovich, 2007). The 
superoxide dismutase class of enzymes contain a metal, usually iron, manganese, copper, or zinc 
that act to stabilize and act as catalysts for the reaction (Case, 2017). If hydrogen peroxide was 
left to participate in further reactions, it could partake in Fenton reactions to form the damaging 
hydroxyl radical (Bachi et al., 2013). Therefore, hydrogen peroxide must be further reduced by 
other enzymes. The two enzymes catalase and glutathione peroxidase exist to add the final 
electron to hydrogen peroxide to form singlet oxygen and water. Catalase is found in the 
peroxisome to convert hydrogen peroxide into water and O2. This reaction is catalyzed by the 
heme group located within the catalase enzyme at the reaction site (Michiels et al., 1994). 
Glutathione peroxidase located in the cytoplasm of cells, acts by reducing hydrogen peroxide to 
water while oxidizing glutathione to its oxidized disulfide state. This reaction is catalyzed by the 
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selenocysteine amino acid (Michiels et al., 1994). The disulfide glutathione is then recycled back 
to glutathione by glutathione reductase by oxidizing NADPH to NADP+.  Once reduced, 
glutathione can once again be used by glutathione peroxidase. The antioxidant capacity cannot 
solely be supported by antioxidant enzymes, thus other antioxidant compounds exist to aid in 
maintaining levels of ROS. 
Metals can act as catalysts to promote free radical production. One process is the Fenton 
reaction that utilizes iron and hydrogen peroxide to form hydroxy radical along with O2 and 
water (Bachi et al., 2013). The previously mentioned enzymes act to clear the substrate while 
metal binding proteins can limit the metal catalyst for this reaction. Such proteins 
include ceruloplasmin, transferrin or ferritin among others. Ceruloplasmin acts by reducing the 
reactive form of ferrous iron to the relative non-reactive ferric iron (Gutteridge, 1992). 
Converting ferrous to ferric iron allows for loading on to transferrin found in plasma allowing for 
movement of iron throughout the blood system (Schulpis et al., 2010). Ferritin is found within 
cells to bind to iron (Schulpis et al., 2010). These binding proteins act to limit the amount of free 
iron present thus reducing the ability to catalyze the formation of free radicals. 
Vitamins such as ascorbic acid and tocopherols also have antioxidant capacity by 
quenching free radicals. The structure of ascorbic acid and tocopherols consists of ring structure 
that has the ability to accept and stabilize an electron through resonance (May, 1999). It is 
important to recognize that ascorbic acid is water soluble while tocopherols are fat soluble. This 
difference allows for tocopherols to act as antioxidants within lipid rich environments such as 
membranes (May, 1999). Meanwhile, ascorbic acid is able to exhibit its antioxidant capacity 
within plasma and cytoplasm (May, 1999). While both ascorbic acid and tocopherols can accept 
free radicals, tocopherols can be recycled back to a non-oxidized form by transferring electrons 
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to ascorbic acid that interacts with the membrane (Scarpa et al., 1984). This allows tocopherol 
situated within the membrane to once again quench free radicals. 
Enzymes, metal binding proteins, and vitamins exist to clear ROS before they can cause 
damage to proteins, lipids, or DNA. However, if there is an increase in pro-oxidants, these 
antioxidant systems can be overwhelmed and unable to clear the toxic ROS. If an imbalance 
between pro-oxidants and antioxidants exists it is termed oxidative stress (Berlett and Stadtman, 
1997). If ROS are not cleared, they can result in damage to proteins, lipids or DNA (Montuschi 
et al., 2004). These oxidatively modified compounds lose functionality leading to a disease state.  
Lipid oxidation commonly occurs when a hydrogen is removed from a carbon located 
between two double bonds of an unsaturated lipid. This leaves a carbon free radical that readily 
accepts molecular oxygen, thus leading to a peroxide, also known as primary oxidation products. 
This peroxide can be further oxidized resulting in the production of secondary product of lipid 
oxidation (Ayala et al., 2014). Depending on the initial fatty acid, and location of the peroxide on 
that fatty acid, different secondary products are formed including malondialdehyde (MDA), and 
4-hyrosy-2-nonenol (HNE; Ayala et al., 2014; Rahal et al., 2014). Malondialdehyde and HNE 
can bind to proteins or DNA, imparting a damaging effect (Esterbauer et al., 1991). For example, 
MDA has been shown to cross-link DNA in liver and kidney cells rendering that section of the 
gene unable to be transcribed (Voitkun and Zhitkovich, 1999). Additionally, HNE can be toxic to 
cells by binding to glutathione, disrupting calcium homeostasis and inhibiting protein and DNA 
synthesis (Esterbauer et al., 1991). Other studies have found the HNE bound to DNA resulted in 
decreased proliferation of human fibroblasts (Poot et al., 1988). Additionally, lipid oxidation 
initiates auto-oxidation of other lipids resulting in an increase in free radical formation. Common 
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measures of lipid oxidation quantify HNE or measure thiobarbituric reactive substances 
(TBARS) to detect MDA.     
Nucleic acids are also susceptible to oxidation by ROS leading to DNA double stand 
breaks and oxidized DNA products (Luxford et al., 2002). Mitochondrial DNA is particularly 
susceptible due to the proximity of ROS produced by the mitochondria (Monaghan et al., 2009). 
Of all purine and pyridine bases, guanosine is the most reactive with ROS resulting in 8-
hydroxy-2’-deoxyguanosine, which can be a measurement for DNA damage (Cooke et al., 2002; 
Wu et al., 2004). Furthermore, DNA-protein cross-links can be formed, causing errors in 
translation of DNA (Davies, 2016). DNA modifications can result in mutations or loss of 
function, leading to proteins with structural and functional issues, or decreased gene expression. 
While ROS can attack lipids and DNA, proteins are considered the main target of 
oxidation due to the concentration within a cell, as well as the high reactivity to ROS especially 
proteins containing metals (Gieseg et al., 2000). Proteins are often damaged and degraded under 
normal physiological systems. Therefore, it may seem that oxidatively damaged proteins may 
also be degraded and not contribute to the pathology of oxidative stress. However, modifications 
to proteins previously described, such as carbonylation, or protein cross-linking, leads to 
aggregation (Dalle-Donne et al., 2006). Normally, carbonylation of proteins is utilized in cell 
signaling to tag a protein for degradation (Dalle-Donne et al., 2006). When a protein is severely 
oxidized, excessive carbonylation can lead to increasing the hydrophobicity, leading to 
aggregation and decreased solubility. When aggregation occurs, the protein is not degradable 
resulting in an accumulation of protein aggregates (Davies, 2001; Dalle-Donne et al., 2006).  If 
not cleared, oxidized proteins can also further catalyze production of more ROS (Berlett and 
Stadtman, 1997). With the inability to degrade most oxidized proteins the result is an 
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accumulation of oxidized proteins which has been attributed to many age related diseases 
(Estévez et al., 2017). 
 
Pathology of oxidized proteins 
Protein carbonyl accumulation has been associated with many age-related diseases such 
as Alzheimer’s disease, Parkinson’s disease, inflammatory bowel disease, muscular dystrophy, 
and even diabetes (Shacter, 2000; Estévez et al., 2017). Carbonylation of fibrinogen has been 
shown to result in a decreased ability to form a solid clot (Shacter et al., 1995). Low-density 
lipoprotein that has oxidized resulting in the formation of carbonyls and aggregation is thought to 
contribute to atherosclerosis (Leeuwenburgh et al., 1997; Fu et al., 1998). Furthermore, the 
aggregation of immunoglobulins in synovial fluid is believed to contribute to rheumatoid arthritis 
(Lunec et al., 1985). It is hypothesized that the etiology of these diseases is a result of increased 
carbonyl content and aggregation leading to changes in structure and dysfunction of proteins.  
The oxidation of a methionine results in a loss of function of alpha-1 antitrypsin in 
plasma. Loss of function of this protease inhibitor results in increased structural protein 
destruction by trypsin (Carp et al., 1982). This increased destruction of structural proteins has 
been observed in cases of emphysema (Carp et al., 1982). Other studies have shown that 
phosphoglycerate kinase from rat muscle cells exposed to ROS have a loss in activity (Zhou and 
Gafni, 1991). Glutamine synthetase and glucose-6-phosphate dehydrogenase activity were also 
decreased by oxidation (Starke-Reed and Oliver, 1989). These enzymes play critical roles in 
metabolism where a loss in activity could drastically impact the synthesis of vital molecules. 
While a decrease in enzyme activity has been shown due to oxidation, a similar relationship 
exists in older individuals. It has been documented that enolase from nematodes and superoxide 
dismutase of rat livers from old individuals were decreased compared to young individuals 
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(Rothstein, 1977). Lastly, glucose-6-phosphate dehydrogenase from an older Mongolian gerbil 
had decreased activity in the brain and heart compared to young gerbil (Sohal et al., 1995). This 
decreased enzyme activity further reduces the metabolic capacity of the older animals. While 
these results were not directly attributed to modification of the protein by ROS, it is commonly 
believed that oxidation contributes to aging (Nowotny et al., 2014). 
It has been hypothesized that over the lifespan of an organism, oxidative status increases 
leading to decreased enzymatic function and an increase in carbonyl accumulation (Stadtman and 
Levine, 2006). This is supported when comparing two closely related species that have extensive 
differences in life expectancy. A greater potential to clear ROS as well as decreased ROS levels 
is noticed in the longer lived specie (Sohal et al., 1993). The oxidative theory of aging was first 
described by Harmann (1956) who pointed out that life expectancy was most closely related to 
metabolic rate which was impacted by species type and “stress and strain of life”. He went on to 
further explain that an increase in metabolic rate leads to an increase in ROS generation, thus 
leading to the accumulation of damaging oxidation products.   
The production of ROS can lead to damage of lipids, DNA and protein. The 
consequences result in oxidative stress that can be attributed to the pathogenesis of many 
diseases. It is clear that limiting excess ROS production is vital to maintain the health status of an 
animal. Although ROS production is normal and a product of many biological functions, it is 
clearly important to limit ROS production by other stimuli. Such catalysts include ultraviolet 
radiation, heavy metals, metabolic distress, chronic inflammation, or disease challenges (Bachi et 
al., 2013).  
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Dietary Oxidized Proteins 
One area of interest that has been somewhat ignored is how consumption of oxidized 
proteins can impact oxidation within tissues such as the gastrointestinal tract or liver. While 
studies have examined the effects of dietary oxidized proteins, the mechanisms of how oxidized 
protein can induce oxidative stress is not well understood (Estévez and Luna, 2017). One 
possible mechanism is that when excess oxidized proteins are ingested, the products of protein 
oxidation are first exposed to the lumen of the intestine. It has been proposed that protein 
carbonyl products can result in toxic effects to enterocytes (Estévez and Luna, 2017). It has also 
been hypothesized that oxidatively modified amino acids are absorbed and incorporated into 
proteins during de novo synthesis of enzymes and structural proteins, resulting in improper 
folding, malfunction, or apoptosis (Gurer-Orhan et al., 2006). Wang et. al. (2013) has also 
proposed that an oxidized product of lysine, AAS can be absorbed and exhibit toxic effects on 
pancreas cells, but not other tissues. The effects of dietary oxidized proteins may be cumulative 
with the continuous consumption of oxidized protein products. 
Obviously in humans, limiting oxidative stress would be ideal to promote health and 
longevity. This can also apply to companion animals to encourage health, and longevity. In 
market animals, limiting oxidative stress is also vital in improving efficiency and production 
costs (Dibner et al., 1996; DeRouchey et al., 2004). For these reasons, many studies have 
examined how oxidized products of lipids in the diet impact oxidative stress in livestock species 
(Boler et al., 2012; Lindblom et al., 2017).  
Lipid oxidation products have been fed to livestock resulting in many negative effects. 
Studies examining the effect of dietary lipid oxidation on poultry have observed a decrease in 
feed efficiency as dietary lipid oxidation increased (Takahashi and Akiba, 1999; Tavarez et al., 
2011). Furthermore, average daily gain and average daily feed intake decreased in pigs fed 
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oxidized lipids from weaning through market (DeRouchey et al., 2004; Boler et al., 2012; Liu et 
al., 2014a; Chen et al., 2015; Rosero et al., 2015). These authors have proposed that decreases in 
feed intake were a result of decreased palatability. It was also suggested that oxidative damage of 
the lipids resulted in a decrease in digestibility, leading to decreased performance (DeRouchey et 
al., 2004; Rosero et al., 2015). 
Oxidative status in livestock has also been shown to be affected by dietary oxidized 
lipids. Pigs fed oxidized lipids were found to have increased serum lipid damage products 
(MDA), but intestinal absorption function was unaffected (Liu et al., 2014b). A separate study in 
pigs found consumption of  oxidized soybean oil resulted in elevated protein damage measured 
by protein carbonyls in the serum, lipid damage (isoprostanes) in the urine, and DNA damage, in 
addition to decreased glutathione peroxidase activity in the serum (Lindblom et al., 2018). Boler 
et. al. (2012) found similar results where pigs fed oxidized lipids had increased lipid damage 
(MDA), and decreased glutathione peroxidase activity in the plasma in addition to a decrease in 
both the final body weight and dressing percentage. Rosero et al. (2015) reported that pigs fed 
oxidized lipids for 35 d had increased lipid damage measured by MDA in the jejunum, increased 
villus height and crypt depth and decreased abortive capacity measured by mannitol and D-
xylose. These results provide evidence that consumption of lipid oxidation products can impact 
oxidative status in blood and tissues. 
Protein oxidation products in the diet have been studied far less than lipid oxidation 
products. Nonetheless, there are studies that show consumption of dietary oxidized protein can 
affect the health status of an animal. In rats fed up to 8g oxidized tyrosine products/ kg diet, liver 
fibrosis was induced (Li et al., 2016). It was also determined that hepatic cell membrane 
permeability or necrosis was increased due to the release of aspartate aminotransferase, alanine 
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aminotransferase, and total bilirubin into serum (Li et al., 2016). It was hypothesized that 
oxidized tyrosine products resulted in increased ROS in the liver that trigger MAPK pathway 
leading to stimulus of hepatic stellate cells, further promoting fibrosis. Another study in rats 
found that 8g of oxidized tyrosine products/ kg diet resulted in lowered plasma insulin levels as 
well as higher blood glucose levels (Ding et al., 2017). The authors concluded that oxidized 
tyrosine products promoted ROS that resulted in damage to the insulin producing pancreas beta 
cells. This decreased ability to produce insulin could lead to hyperglycemia and an inability of 
cells to uptake glucose for energy production.   
However, these previous studies have solely studied oxidized tyrosine products at 
extreme levels. For example, assuming a diet contained tyrosine that was completely oxidized, 
this oxidized tyrosine would need to be included at over twice the tyrosine requirement 3.4g/kg 
diet to be similar to the mentioned studies (National Research Council, 1995). Dietary oxidized 
protein has also been examined in livestock. No difference was observed in feed efficiency for 
broiler chickens fed diets containing 16.5% oxidized soy protein isolate resulting in carbonyl 
value of 22.35 nM/mg protein for 21 days compared to the control diet containing 15.13 nM 
carbonyls/mg protein (Wu et al., 2014; Chen et al., 2015). The same study found birds 
consuming oxidized soy protein resulted in a decrease in average daily feed intake and average 
daily gain (Chen et al., 2015). A separate study found decreased average daily gain in broilers 
fed diets containing 16.66% oxidized soy protein isolate containing 10.02 nM carbonyls/mg 
protein (Zhang et al., 2017). This decrease in gain was attributed to a decrease in protein 
digestibility which appears to be decreased as a result of protein oxidation (Chen et al., 2015). A 
separate study showed that as proteins become oxidized, side chain interactions are altered 
leading to increased aggregation (Promeyrat et al., 2010). Therefore, it may be that with 
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increased aggregation, protein susceptibility to proteolysis is decreased. If proteins are unable to 
be broken down to amino acids, a decrease in digestibility would be expected (Sante-Lhoutellier 
et al., 2007; Wu et al., 2014).  A decrease in digestibility could also be a result of decreased 
digestive enzymes activity. For example, pigs fed oxidized protein resulted in a decrease in 
protease activity in the small intestine. This ultimately led to a decrease in digestibility of 
proteins and dry matter (Chen et al., 2015). A separate study also found decrease trypsin and 
amylase activity in the anterior intestine from broilers fed oxidized soy protein isolate (Zhang et 
al., 2016). The same study found no difference in digestive enzyme activity in the pancreas 
(Zhang et al., 2016). The authors have suggested that digestive enzymes are synthesized 
normally in the pancreas but when secreted into the lumen, ROS may oxidize these enzymes 
leading to disfunction and decreased activity.   
 
Pet Food 
With most animals, feed costs are the major driver of profitability as it is the most 
expensive part of raising animals. However, pet owners are willing to pay more for a premium 
product. Pet food was a $95 billion industry in 2019, which was a 5% increase from the previous 
year (APPA, 2020) with 68% of households in the United States owning a pet in 2015 (Deng and 
Swanson, 2015). Pets are now considered family and owners feel responsible to maintain their 
health and longevity (Bontempo, 2005). Likewise, consumers look to pet foods that include 
ingredients that are perceived to promote longevity and health (Bontempo, 2005; Carter et al., 
2014). Not only is the quality of ingredients improving, but the quantity of pet food production is 
increasing as well. It is important that pet foods not only meet customer demands with respect to 
ingredient sources, but also aid in the health and longevity of pets. 
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Since most pets are fed a single product to meet their nutritional needs, manufacturers 
need to balance correct nutrients to meet dietary needs, in addition to determining the 
bioavailability of nutrients. Pet foods along with other animal feeds have utilized food waste 
from the human food industry. This could include by-products of the meat industry which would 
include rendered protein meals. As with most industries, the sustainability and economic impact 
of the pet food industry is greatly scrutinized (Deng and Swanson, 2015). While pet foods 
commonly utilize by-products of human food, consumer demand and current food trends have 
driven manufacturers to include ingredients intended for human consumption such as meat. This 
competition for human grade food between the pet and human food industry can reduce the 
sustainability of the food system (Swanson et al., 2013). However, by utilizing by-products of 
the meat industry, pet food manufacturers are able to reduce greenhouse emissions as well as 
land and water use, thus increasing the sustainability of these products (Rosentrater et al., 2020). 
Variation in target consumer, ingredient composition, and quality leads each processor to 
developing their own unique formulations.  
One of the most remarkable trends in the pet food industry is the increasing demand for 
greater protein levels. This is due to customers perceiving high levels of protein as better quality. 
Most dry companion animal diets include protein at 31% (Hill et al., 2009), with some exceeding 
50%, even when the requirement for adult dogs is 18% and adult cats is 26% according to the 
American Association of Feed Control Officials (Association of American Feed Control 
Officials, 2019). Amino acids that are not stored in muscle, utilized in de novo protein synthesis, 
or metabolized for energy, are degraded in the liver, and excreted through urine as urea (Yves, 
2011). However, this trend for increased protein in companion animal diets may be a concern if 
excess consumption of dietary oxidized protein can lead to oxidative stress. 
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Nutritional differences of cats, dogs, and other animal models 
As society changes their view on the treatment of companion animals, the use of dogs 
and cats used for research has been increasingly scrutinized (Ziegler et al., 2016). Due to high 
financial costs/ limited funding and ethical concerns, studies on companion animals where 
animals need to be sacrificed to collect tissues are difficult to perform. This has led to use of 
other animal models for research. However, it is important to understand the anatomical and 
physiological differences that can impact the results of such studies. It is logical then to choose 
an animal with the most similarities to provide the best possible model. In the case of cats and 
dogs, the pig provides many similarities (Ziegler et al., 2016) with a few key differences that will 
be further discussed.  
From an anatomical perspective, the cat, dog, and pig are all are simple monogastric 
animals, but have differences in length of each section of the large and small. The small intestine 
of the pig comprises 78% of the total length of the intestinal tract, whereas in the dog, the small 
intestine is 85%, and the small intestine of the cat is 83% of the total length of the small intestine 
(Kararli, 1995). This in turn results in the pig having a greater portion of the intestinal tract as 
part of the colon and cecum, compared to the cat and dog. The ratio of body length to intestine 
length is also greater in the pig (1:14) compared to the dog (1:6) and cat (1:4) (Kararli, 1995). 
These differences are due to the fact that pigs are more adapted to a carbohydrate rich diet that 
requires a longer small intestine to allow for absorption. In comparison, the protein rich diet of 
the dog and cat is readily absorbed, limiting the need for a long digestive tract (Furness et al., 
2015). This difference in length and subsequent surface area should be considered as the total 
capacity for the intestines to capture nutrients is greater in the pig. While the pig may be the most 
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anatomically different among the species discussed, the cat has a unique set of characteristics 
that should be considered. 
Cats do not have the ability to convert beta-carotene to vitamin A. Beta-carotene is found 
in plants whereas active vitamin A (retinol) is found in animal tissues. Cats lack the enzyme 
beta-carotene dioxygenase that converts beta-carotene to retinol (Gershoff et al., 1957). 
Therefore, retinol must be included in a diet for a cat that does not consume sufficient quantities 
of animal tissues. Other vitamin requirements differ minimally from that of the pig (Baker and 
Czarnecki-Maulden, 1991). 
Another aspect of nutrition that makes cats different is their overall increased protein 
requirement. This increase is a necessary to maintain the high level of protein turnover of the cat. 
Other animal species have the ability to down regulate catabolic enzyme in the liver. However, 
due to the high protein diet the cat, these enzymes are not able to be down regulated. As a result, 
protein turnover and requirement in the diet is increased. This has also resulted in cats to be favor 
gluconeogenesis from proteins rather than carbohydrates or lipids (Baker and Czarnecki-
Maulden, 1991).  
Cats are also unique in their amino acid requirements and require significantly more 
amounts of certain amino acids such as arginine, methionine, and taurine (Baker and Czarnecki-
Maulden, 1991). In the case of arginine, cats lack pyrroline-5-caroxylate synthase and ornithine 
aminotransferase in the mucosal of the small intestine. The lack of this enzyme limits ornithine 
production from glutamine, resulting in an accumulation of ammonia. Arginine in the diet is 
required to produce ornithine to complete the urea cycle to clear ammonia (Rogers and Phang, 
1985). Cats also require a greater amount of sulfur amino acids in the diet compared to dogs or 
pigs . This increased requirement for methionine and cystine is in part due to decreased 
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utilization (Baker and Czarnecki-Maulden, 1991). Additionally, taurine is not synthesized from 
cysteine in the cat and therefore must be included in the diet (Knopf et al., 1978).  
Dogs also have a greater requirement for arginine than most animals due to decreased 
ability to produce ornithine (Baker and Czarnecki-Maulden, 1991). Since arginine is not an 
essential amino acid for pigs (National Research Council, 2012), no adverse health consequences 
may be observed in a diet free of arginine. With the exception of arginine, dogs and pigs have a 
similar ideal ratio of amino acids suggesting they have similar amino acid requirements (Baker 
and Czarnecki-Maulden, 1991).  
Pigs provide a model that can be used in research to allow collection of certain tissues 
that would not be possible in companion animals. It is important to recognize the differences in 
anatomy, nutrient requirements and metabolism especially for vitamin A total protein, taurine, 
methionine, and arginine for cats, dogs, and pigs.  However, the differences between pigs and 
companion animals is minimized compared to other species, and therefore the pig can be an 
appropriate animal model to use for companion animal nutrition.  
 
Extrusion 
Due to the ease of storage, handling, and feeding, extrusion is the most common 
processing method for pet foods (Spears and Fahey, 2004). This process utilizes heat, moisture, 
and pressure to gelatinize the starches present in the diet to form a kibble that is shelf stable and 
easy to feed. Furthermore, the extrusion process will increase the digestibility of starches. The 
process of extrusion allows for the production of uniform diets in both appearance and 
composition. Extrusion also allows for flexibility during processing to accommodate different 
shapes, colors, or even co-extruded product (Riaz, 2000). This allows for the processor to create 
a product that the customer will find appealing. 
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During the extrusion process, proteins are denatured and upon cooling, form new protein 
to protein interactions that stabilize the structure (Verbeek and van den Berg, 2011). The 
formation of protein interactions contributes to the physical characteristics of the extrudate. 
Various measures such as durability, expansion ratio and unit density are used to evaluate how 
an extrudate will perform. Post-extrusion handling and shipping of product can result in physical 
stress of the extrudate, resulting in breaking and the accumulation of fine particles. As 
mentioned, one advantage of extrusion is that all nutrients are included at consistent levels in 
each extrudate. If the product is broken into fine particles, different components of that product 
may settle, eliminating the advantage of consistency within each extrudate. As a result, 
manufacturers aim to maximize durability. The standard procedure to measure durability requires 
tumbling extrudate in a box for 10 minutes to simulate handling (ASAE, 2012). The extrudate is 
sieved before and after tumbling to remove fine particles, and the final mass of intact extrudate is 
compared as a percentage to the starting mass (ASAE, 2012). Unit density is another important 
characteristic especially in aquaculture feed, as extrudate that is able to float limits overfeeding, 
maintains water cleanliness, and allows for visual observations of feeding (Mjoun and 
Rosentrater, 2011). If a product has a unit density less than water, it should exhibit floating 
properties. Unit density can be calculated by measuring the mass of extrudate and dividing by the 
volume (ASAE, 2012). The expansion of a product results when water within the product is 
converted to steam upon exiting the die. With respect to oxidation, increased expansion results in 
the incorporation of air within the product, thus increasing the susceptibility to oxidation (Riaz, 
2000). Expansion ratio is calculated by dividing the diameter of extrudate by the diameter of the 
die (Rosentrater et al., 2005). 
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Color is another physical characteristic that is commonly used to determine the impact 
extrusion has on ingredients or as an indicator for various measures of an ingredient. Color was 
found to be a good indicator of digestibility of lysine in wheat distillers dried grains (Cozannet et 
al., 2010). A separate study determined color can also be used to estimate products of Maillard 
reaction and amino acid retention (Singh et al., 2007). Others have also shown that color is 
highly correlated with solubility, gelatinization, and sulfhydryl groups in corn starch with whey 
protein extrudate (Yu et al., 2017). In addition to physical characteristics, factors such as 
processing constraints and ingredient inclusions are considered in the production of feeds using 
extrusion. 
Another outcome to the process of extrusion is that the high temperature promote 
Maillard reaction (Riaz, 2000)which can result in beneficial and negative products (Silván et al., 
2006). The binding of reducing sugars to amine groups of amino acids, predominantly lysine, 
limits amino acid digestibility and availability (Singh et al., 2007). However, most pet foods 
contain such elevated levels of protein that losing the availability of some due to Maillard 
reaction is not a concern. Other products of Maillard reaction have been shown to be cytotoxic, 
inactivate enzymes, crosslink proteins, decrease protein susceptibility to proteolysis, and alter 
macromolecular recognition (Brownlee, 1984; Vagnarelli et al., 1991). Conversely, other 
products of Maillard reaction have antimutagenic, antimicrobial, antiallergenic, and antioxidant 
properties (Yen and Tsai, 1993; Manzocco et al., 2000; Kato, 2002). Additionally, the formation 
of Maillard reaction products is often accompanied by oxidative damage of protein (Trnková et 
al., 2015). 
Although there are no published studies on how extrusion impacts protein oxidation, it 
would be expected that the heat and pressure experienced during processing may induce protein 
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oxidation. It is clear heat can initiate protein oxidation of proteins and lipids (Frankel, 1998; 
Roldan et al., 2014; Feng et al., 2015; Zhang et al., 2017; Mitra et al., 2018). Additionally, in 
meat samples, it is documented that high pressure can induce lipid oxidation (Cheah and 
Ledward, 1996), which could further initiate protein oxidation. As heat and pressure are critical 
for the extrusion process, it would be difficult to mitigate this risk solely through processing 
techniques. 
 
Rendering 
The rendering process separates fat, protein, and moisture. Furthermore, by rendering 
animal tissue, a product that was once waste is converted to either a feed, or other products that 
consumers use in their daily lives (Meeker and Meisinger, 2015). Typical rendering operations 
utilize a continuous system where raw material undergoes particle reduction, cooking, pressing, 
grinding, and finally drying (Figure 2.3). Typically during the cooking process, products are 
exposed to temperatures of 115°C - 145°C for 40 – 90 minutes (Anderson, 2006) This heating 
process provides a vital kill step for many pathogens as well as eliminates potential spoilage and 
putrefaction bacteria that could decrease product quality.  
Raw materials such as deceased livestock, restaurant used grease, or waste products of 
the meat industry are collected and ground to reduce particle size. This allows for faster and 
more even cooking as well as allowing better access to separate fat from protein. After the initial 
grinding step, the material is cooked. Typical time and temperatures range from 115°C - 145°C 
for 40 – 90 minutes but vary depending on moisture content that needs to be removed. After the 
cooking process, the liquid fat is separated from the solids by pressing. The lipids then enter a 
centrifuge to further separate any remaining solids before being stored and shipped. The solids 
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collected after the press are referred to pressed cake. This product is further ground to an even 
particle size, dried and as it is processed into protein meal. Various types of protein meals 
include meat and bone meal, by-product meal, fish meal, spray dried plasma, and blood meal and 
are defined by their composition and species of origin (Meeker and Hamilton, 2006). 
Meat and bone meal originates from the dried pressed cake of mammalian tissue. This 
product cannot contain blood, hair, hoof, horn, hide, manure or digesta. Due to the large calcium 
and phosphorus content as a result of bone inclusion, meat and bone meal must contain at least 
4% phosphorus and calcium cannot exceed 2.2 times the phosphorus content. If a product fails to 
meet the 4% phosphorus minimum, it is then considered meat meal (Association of American 
Feed Control Officials, 2019). In addition to the significant inorganic component, meat and bone 
meal has a high content of protein, as well as lipids (Meeker and Hamilton, 2006). Typical 
composition of meat and bone meal is 52% protein, 10% lipid, and 33% ash (National Research 
Council, 2012). The lipid portion can be susceptible to oxidation and as such renderers may add 
antioxidants. 
Poultry by-product meal is defined as the rendered clean parts of poultry carcasses. If 
identified by species, such as chicken by-product or turkey by-product, only parts of that species 
can be included. Similar to meat and bone meal, calcium cannot exceed 2.2 times the level of 
phosphorus. It is important to recognize that feathers are not permitted except for those that are 
unavoidable during manufacturing (Association of American Feed Control Officials, 2019). 
Although minimal, this inclusion of feathers results in poultry by-product meal to contain a 
higher sulfur amino acid content comparted to non-poultry rendered meals (Meeker and 
Hamilton, 2006). Similar to other pressed cake meals, not all lipid can be completely removed. 
The resulting lipid fraction is readily oxidized, causing renderers to add antioxidants to 
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byproduct meal. Typical composition of poultry by-product meal is 70% protein, 13% lipid, and 
14% ash (National Research Council, 2012). Processing techniques such as air classification 
have been developed to remove a portion of the ash content from by-product meal (Meeker and 
Hamilton, 2006). The resulting product is then labeled as low ash poultry by-product meal. This 
can be advantageous for formulation as this product can be included in greater quantities without 
exceeding maximum mineral levels. 
Similar to other press cake meals, fish meal is derived from the rendering of clean whole 
fish or fish cuttings with or without bones (Association of American Feed Control Officials, 
2019). This product also can contain a significant lipid fraction. This lipid contains a greater 
amount of polyunsaturated lipids which can be susceptible to lipid oxidation, thus leading 
renderers to add antioxidants to fish meals (Aldrich, 2006). Typical composition of fish meal is 
67% protein, 10% lipid, and 17% ash (National Research Council, 2012). 
Plasma is not produced by the normal cooking and pressing method. Rather, whole blood 
is centrifuged to remove the plasma portion, which is then spray dried. Spray dried plasma 
contains immunoglobulins that have been found to aid in immune response when fed to young 
animals (Meeker and Hamilton, 2006). Furthermore, due to minimal heat processing, plasma is 
highly digestible (Meeker and Hamilton, 2006). Whole blood can also be rendered by removing 
a majority of the water through cooking before being flash dried to produce a meal. This 
additional processing to remove this excess moisture may lead to an increase in susceptibility to 
oxidation. Typical composition of blood meal is 95% protein, 1.5% lipid, and 6% ash (National 
Research Council, 2012).  Of all natural feed ingredients, blood meal contains the greatest 
percent of protein and lysine, making it favorable for many animal diets (Meeker and Hamilton, 
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2006). Blood meal and plasma do not contain a significant lipid portion (<2%). As such they are 
perceived as stable and do typically contain antioxidants. 
 
Measures of quality 
A wide variety of raw material and variation in processing from one facility to another 
cause dramatic changes in final product characteristics. To ensure rendered protein meal quality, 
many customers as well as renderers routinely test for certain quality traits. Recently, the trait of 
most interest has been lipid oxidation, due to its importance to consumer acceptance and 
financial implications due to rejected and returned products from manufacturers. No measure of 
lipid oxidation has been verified for testing lipids within a protein matrix, such as rendered 
meals. Processors still need to have an indication of lipid oxidation, and routinely utilize 
peroxide value (PV). Over time, formation of lipid peroxides results in an increase of PV value. 
However, lipid peroxides can be further oxidized into secondary products resulting in a decrease 
of PV value (Labuza et al., 1971). This provides a unique challenge when measuring PV as 
values result in a bell curve reflecting the formation of peroxides followed degradation as a result 
of further oxidation into secondary products over time. In addition to oxidation measures, tests 
are performed to ensure the product matches the legal definition of the product. In most cases 
this includes minimum or maximum values for protein, moisture, or mineral content. 
 Currently, there is very little information on the amount of protein oxidation present in 
rendered products after the rendering process. Heat can provide the necessary energy for 
homolytic cleavage of bonds resulting in ROS production (Frankel, 1998). Studies examining 
soy protein isolate have determined heat has been used to induce protein oxidation (Tang et al., 
2012; Zhang et al., 2017). Furthermore, it is documented that cooking lamb loins at 60°C - 80°C 
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results in increased protein oxidation (Roldan et al., 2014). As rendered by-products become 
exposed to elevated temperatures for extended periods of time, protein oxidation would be 
expected to increase due to increased ROS formation.  
However, heat is not the only inducer of protein oxidation. During the grinding process, 
there is a dramatic increase in surface area, thus increasing the interaction between proteins, 
ROS, oxygen, and catalysts. The grinding process can also increase lipid oxidation by disrupting 
the phospholipid membrane of cells. Released phospholipids can then act as pro-oxidants by 
increasing the proximity of metal catalyst to lipids (Domínguez et al., 2019). When lipids 
oxidize, the resulting free radicals can oxidize proteins (Gardner, 1979; Viljanen et al., 2004). 
Increased lipid content can also increase the quantity of ROS produced via lipid oxidation that 
can then induce protein oxidation (Utrera et al., 2014). The lipid profile can also increase the 
susceptibility to oxidation. The double bonds of unsaturated lipids reduces the energy needed to 
abstract a hydrogen, thus increasing the susceptibility to oxidation (Frankel, 1998). It could be 
expected that rendered meals with a greater quantity of unsaturated lipids would also result in 
greater protein oxidation. Cumulatively, the impact of heat, drying, grinding, and composition 
can all contribute to increased oxidized protein, yet this has not been studied before in rendered 
product. 
It is well known that lipids in rendered meals are susceptible to oxidation (Meeker and 
Hamilton, 2006). Lipid oxidation in rendered protein meals products can result in unfavorable 
odors, leading to decreased acceptability by pet owners. To limit this, processors use antioxidants 
to control lipid oxidation. It is important to consider that oxidation of proteins and lipids is a 
result of ROS attack (Gardner, 1979). Therefore, if the antioxidant can limit ROS production by 
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quenching free radicals, there is a potential that current antioxidants used for lipids may provide 
protection from protein oxidation. 
 
Antioxidants 
Antioxidants are widely used in rendered products containing lipids and those that are 
susceptible to oxidation. Without the use of antioxidants, lipids in feeds readily oxidize leading 
to oxidized odors (Meeker and Hamilton, 2006). If a pet owner is displeased by the smell of the 
product or observes a pet that is unwilling to eat, they will readily switch to one of the many 
other pet foods available. For this reason, processors place great emphasis on the use of 
antioxidants to control lipid oxidation. Antioxidants can be broken down into either synthetic or 
natural based on their source. 
Synthetic antioxidants are those that are chemically synthesized and not naturally 
occurring. Although many antioxidants are available, typical compounds used in the rendering 
industry include butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and 
ethoxyquin. As seen in Figure 2.4, these compounds all contain a phenolic ring that is essential 
to the mechanisms of the antioxidant properties. The phenol readily donates an electron to a free 
radical, in turn becoming a free radical itself. However, due to resonance experienced by the ring 
structure, the free radical is stabilized, limiting the ability to further propagate free radicals 
(Ramis-Ramos, 2003).  
BHT is more soluble in lipid than BHA, providing more protection from free radicals 
more closely associated with lipids (Ramis-Ramos, 2003). BHA is more stable and as such has 
better carry-through (Shahidi et al., 1992). These are a few of the differences that lead to a 
synergistic effect when BHA and BHT are used in combination (Labuza et al., 1971; Pokorny et 
al., 2000; Ramis-Ramos, 2003). Health consequences have been observed for BHA and BHT at 
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high concentrations including altered lipid metabolism, reduced clotting, and carcinogenic 
effects to name a few (Williams et al., 1999; Dolatabadi and Kashanian, 2010). As such BHA 
and BHT are restricted to levels of 0.02 – 0.04% in food (FAO/WHO Codex Alimentarius 
Commission, 2019). 
Animal feeds often utilize ethoxyquin as it is the most effective antioxidant (Błaszczyk et 
al., 2013). This exceptional effectiveness is contributed to the ability for the oxidization products 
of ethoxyquin to also contain antioxidant properties (Taimr, 1994). Furthermore, the half-life of 
these products, such as ethoxyquin dimer, are considerably longer than ethoxyquin . As such, if 
ethoxyquin is completely oxidized, the products of its oxidation continue to protect against 
oxidation (de Koning, 2002). Ethoxyquin is considered the most stable antioxidant and as such 
often used in fish meal products (Aldrich, 2006). However, toxicity and health concerns 
especially at greater concentrations (>150 ppm), have limited the use of ethoxyquin (Ramis-
Ramos, 2003). At concentrations over 150 ppm ethoxyquin has been shown to induce 
mutagenetic properties as a result excessive DNA damage (Błaszczyk et al., 2013). Ethoxyquin 
may also impact liver and kidney cells by inhibiting mitochondria respiration (Błaszczyk et al., 
2013). 
 Synthetic antioxidants have been developed and studied for their use in in controlling 
lipid oxidation. However, it is known that free radicals can attack and promote protein oxidation 
(Soladoye et al., 2015). Although it has not been studied in rendered protein meals, synthetic 
antioxidants may also limit protein oxidation by quenching free radicals. 
Natural antioxidants are compounds originating from natural sources. Although many 
natural antioxidants have been utilized in human food, common natural antioxidants used in 
rendered meals contain a mix of tocopherols (Aldrich, 2006). The a-, b-, g-, and d- form of 
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tocopherol are the most abundant found in plant sources (Pokorny et al., 2000). Similar to 
synthetic antioxidants, tocopherols also contain a phenolic ring structure, which can be seen in 
Figure 2.5, that can accept and stabilize free radicals. In biological systems this free radical 
tocopherol can be converted back to its original form by ascorbic acid (Flora, 2009). However, 
when used as an additive in an ingredient, once the compound has accepted a free radical, it is 
unable to provide additional protection as ascorbic acid is not able to convert it back to the 
original form.  
Although all forms of tocopherols share a similar mechanism, the difference in structure 
alters properties that determine their effectiveness. Furthermore, as tocopherols are lipophilic, 
they are most effective in lipid rich environments (Laguerre et al., 2015). This is also supported 
by Cuvelier et al. (2000) who found hydrophobicity was the most important factor in the 
efficiency of phenolic compounds to protect against lipid oxidation. Although each form of 
tocopherol exhibits similar hydrophobicity, differences in activity can be associated with the 
location of functional groups (-OH, -CH3) located on the phenolic ring (Laguerre et al., 2015). 
The differences in structure result in different energies required for accept free radicals (Laguerre 
et al., 2015). For example d-tocopherol will more readily lose a hydrogen than a-tocopherol, 
making it more effective (Pokorny et al., 2000).  
It is also important to note that antioxidants perform differently, depending on the 
environment and the chemical properties of the antioxidant. For example, tocopherols can 
withstand greater temperatures before being volatilized compared to BHA and BHT (Pokorny et 
al., 2000; Ravi Kiran et al., 2015). It has been shown that at frying temperatures > 130°C, BHA 
and BHT were easily volatilized (Warner et al., 1986). As a result of greater thermal stability, 
tocopherols may be more effective than BHA and BHT in rendered meals. Furthermore, the 
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study by Marinova and Yanishlieva (1992) showed that a-tocopherol effectiveness in limiting 
lipid oxidation in lard increased with heat at 25°C, 50°C, 75°C, and 100°C. The authors 
proposed that depending on environmental conditions, tocopherols can act as pro-oxidant 
compounds.  At greater temperatures, the pro-oxidant activity of tocopherols were decreased, 
thus providing more antioxidant activity (Marinova and Yanishlieva, 1992). This difference is 
particularly important when considering rendered protein meals are commonly extruded at 
temperatures greater than 115°C. If antioxidants are degraded or increase in activity during 
extrusion, free radical production may increase or be controlled.  Additionally, since rendered 
protein meals are not thermally controlled when stored, they are susceptible to seasonal changes, 
which ultimately impacts the effectiveness of the antioxidant. 
 
Conclusion 
Rendered protein meals are produced in a manner that causes them to be susceptible to 
protein oxidation. However, the stability of rendered protein meals with respect to protein 
oxidation is unknown. These feed ingredients are commonly included in livestock, aquaculture, 
and pet foods. Extrusion is a common method used during the manufacture of pet and 
aquaculture feeds. The parameters that are essential to extrusion also have the potential to further 
induce protein oxidation. Currently, no studies are available on how rendered protein ingredients 
are altered during the extrusion process with respect to protein oxidation. These gaps in the 
knowledge warrant further investigation to identify if diets containing rendered products are 
more susceptible to protein oxidation. This review also highlights the consequences of oxidative 
stress on health and longevity, as well as the role consumption of oxidized products may play. 
With the exception of studies examining oxidized tyrosine,  it is still unclear if feeding an 
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oxidized protein can induce oxidative stress in an animal. As livestock and pets regularly 
consume rendered proteins processed through extrusion, further research should identify if 
consumption of oxidized product can induce oxidative stress. These knowledge gaps provide a 
basis for the research conducted in this dissertation with the goal of being able to understand the 
susceptibility of commonly used rendered protein meals to protein oxidation during storage and 
extrusion, as well as determining the impact of feeding an oxidized rendered protein on 
production and oxidative status of an animal. 
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Tables and Figures 
 
Table 2.1 Preferred reaction site of oxidants (Adapted from Davies, 2016) 
Oxidant Major Site of Reaction 
HO• All residues 
RO• Most residues 
ROO• Cys, Met, Tyr, Trp 
CO3 • Cys, Met, Tyr, Trp, His 
NO2• Cys, Tyr/Trp radicals 
O2 • SOD, Tyr/Trp radicals 
1
O2 Cys, Met, Trp, Tyr and His 
H2O2 Cys 
Cys – Cystine, Met – Methionine, Tyr – Tyrosine, Trp – Tryptophan, His – Histidine, SOD – 
Superoxide dismutase 
Table 2.2 Products of Oxidation from Amino Acids (Adapted from Berlett & Stadtman, 
1997; Trnková, Dršata, & Boušová, 2015) 
Amino Acid Possible Products of Oxidation 
Arginine  
Glutamic semialdehyde 
Cysteine 
Sulphenic acid, sulphinic acid, sulphonic acid, disulfides, cysteic acid 
Glutamic Acid 
Oxalic acid, pyruvic acid, hydroperoxides 
Histidine  
Hydroperoxides 
Isoleucine 
Hydroperoxides 
Leucine 
3-, 4-, and 5-Hydroxyleucine, hydroperoxides 
Lysine  
Aminoadipic semialdehyde, hydroperoxides 
Methionine  
Methionine sulfoxide, methionine sulfone 
Phenylalanine 
2,3-Dihydroxyphenylalanine (DOPA), 2-, 3-, and 4-hydroxyphenylalanine 
Proline 
4- and 5-hydroxyproline, glutamic semialdehyde, hydroperoxides 
Threonine  
2-Amino-3-ketobutyric acid 
Tryptophan 
2-, 4-, 5-, 6-, and 7-Hydroxytryptophan, tryptophan dimmers, 
hydroperoxides 
Tyrosine  
3,4-Dihydroxyphenylalanine (DOPA), tyrosine-tyrosine cross-linkages, 
cross-linked nitrotyrosine 
Valine 
Hydroperoxides 
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Figure 2.1 Oxidation of protein backbone from free radicals (Adapted from Berlett & Stadtman, 
1997). 
 
 
 Figure 2.2 Cleavage of protein backbone (Adapted from (Berlett and Stadtman, 1997). Diamine 
pathway (a) and a- amidation pathway (b). 
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Figure 2.3 Diagram of modern rendering process (Adapted from Anderson, 2006) 
 
Figure 2.4 Structure of common synthetic antioxidants including butylated hydroxyanisole 
(BHA), butylated hydroxytoluene (BHT), and ethoxyquin 
 
Figure 2.5 Structure of alpha-tocopherol. 
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Abstract 
Rendered by-products are commonly used in animal feeds and pet foods as a source of 
high-quality protein. However, these ingredients may be susceptible to protein oxidation during 
processing and storage. The classic method for determining protein oxidation by carbonyl 
formation lacks specificity. Utilizing liquid chromatography with mass spectrum (LCMS) allows 
for the quantification of specific oxidation products of amino acids, providing a more targeted 
approach in determining protein oxidation.  The objective of this study was to determine if  -
aminoadipic semialdehyde (AAS) and  -glutamic semialdehyde (GGS), are valid measures of 
protein oxidation in rendered by-products. Total carbonyls increased with storage time, but no 
changes in AAS and GGS were observed. Protein oxidation can be determined by quantifying 
AAS and GGS in myofibrillar proteins, soy proteins, and bovine serum albumin. However, AAS 
and GGS in rendered meals may be further oxidized and have less utility in quantifying protein 
oxidation. 
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Introduction 
Rendering is essential for meat processing facilities for sustainable and economic 
reasons. However, the process of rendering utilizes cooking, grinding, and drying to transform 
what would be waste into usable products such as feeds (Meeker and Meisinger, 2015). As a 
result, components of these feeds may be readily oxidized. These products are routinely tested 
for lipid oxidation to ensure final product quality. Lipid oxidation has been a focus of product 
quality, especially in pet food markets, as it impacts consumer acceptance.  
Protein oxidation in rendered meals is unknown, and there is a perception that proteins in 
these ingredients are stable. In studies examining plant sources such as soy protein isolate, heat 
induces protein oxidation (Tang et al., 2012; Zhang et al., 2017). Furthermore, it is documented 
that cooking meat will increase the amount of protein oxidation (Roldan et al., 2014). However, 
heat is not the only inducer of protein oxidation. During the grinding process, the reduction in 
particle size leads to an increase in total surface area. This allows for more interactions between 
reactive oxygen species and proteins, thus increasing the susceptibility to protein oxidation. 
 Understanding baseline levels of protein oxidation in rendered products is especially 
important considering these products often are used as animal feed in livestock production or as 
ingredients in companion animal diets. Oxidation of proteins is known to decrease the solubility 
by aggregation (Promeyrat et al., 2010), thus possibly limiting susceptibility to proteases and 
subsequently digestibility. Consumption of oxidized proteins may result in lipid, protein, and 
DNA damage. In livestock species, this change can impact efficiency and production costs 
(Dibner et al., 1996; DeRouchey et al., 2004). Oxidative damage of lipids, protein, and DNA can 
lead to health issues. For example, in humans, it is believed that protein oxidation plays a part in 
certain age-related diseases such as Alzheimer’s, Parkinson’s, inflammatory bowel disease, 
muscular dystrophy, and even diabetes (Estévez and Luna, 2017). Since protein oxidation may 
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result in decreased amino acid availability or adverse health effects, it is a critical quality trait to 
measure. Unfortunately, a method to detect protein oxidation has not been developed for 
rendered products.  
Typical measures for protein oxidation in food products consist of carbonyls (Levine et 
al., 1990) as these are relatively stable and significant products of protein oxidation (Zhang et al., 
2013). This method utilizes dinitrophenyl hydrazine to react with all carbonyl groups, including 
those on lipids or other compounds. For this reason, the carbonyl method can overestimate total 
protein oxidation. This method also is inefficient in that it requires many hours to complete. 
Previous studies have examined methods utilizing analytical chemistry to measure the 
two most common carbonyls formed during protein oxidation, a-aminoadipic semialdehyde 
(AAS) and g-glutamic semialdehyde (GGS) (Akagawa et al., 2006; Armenteros et al., 2009; 
Estévez et al., 2009). These studies have previously validated the use of high-pressure liquid 
chromatography paired with fluorescent detection of soluble proteins (BSA or meat sample) or 
protein oxidized while in solution. It would be expected that a change in AAS or GGS will be 
similar in direction and magnitude to the change in carbonyl content of rendered protein meals. 
Therefore, the objective of this study was to determine if measuring AAS and GGS are valid 
measures of protein oxidation in rendered by-products. 
 
Materials and Methods 
Experimental design 
Samples of spray-dried beef plasma, beef blood meal, beef meat and bone meal with and 
without synthetic antioxidants, chicken by-product meal with synthetic, natural, and no 
antioxidants, low ash chicken by-product meal with synthetic, natural, and no antioxidants, and 
fish meal with synthetic, natural, and no antioxidants were utilized for this study. Five samples of 
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each product were randomly assigned to either baseline with no storage (Control), storage at 
45°C for 14 days, or storage at 20°C for 6 months. Products were held at 45°C for 14 days to 
simulate maximum feasible storage temperatures, which would last for shorter periods. 
Meanwhile, products were held at 20°C for 6 months to simulate typical storage temperatures for 
extended periods. 
Material handling 
All products were obtained from commercial renderers. Products were treated with 
antioxidants during production at the rendering facility using current application equipment and 
procedures. Fish meal products were obtained from an at-sea processor. The natural antioxidant 
used in each product was a commercial blend of tocopherols. The synthetic antioxidant applied 
to beef and poultry products was a commercial blend of butylated hydroxyanisole (BHA), 
butylated hydroxytoluene (BHT), while the synthetic antioxidant in fish meal was ethoxyquin. 
200 g and were randomly assigned to 1 of 3 treatments. Control samples were immediately 
vacuum packaged and stored at -20°C. Samples in the remaining treatments were placed in 
rectangular aluminum pans (14x12x5 cm) and placed in an incubator for their corresponding 
time and temperature. Samples stored at 45°C were rotated within the incubator daily.  Samples 
stored at 20°C were rotated within the incubator each week. Each sample was removed from the 
incubator after the assigned time and immediately vacuum packaged and stored at -20°C. 
Samples were held in this environment until completion of all incubation (6 mo.).  
Chemical analysis   
Protein meal (2 g) was dissolved in 50 ml of 5% w/v sodium dodecyl sulfate (SDS), 
vortexed, and placed in a water bath for 1 hour at 100°C (Soglia et al., 2016). Samples were 
removed and immediately put on ice for 10 min and vortexed, followed by centrifugation for 10 
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min at 3,000 × g at 4°C. The supernatant was then corrected to 15 mg protein /ml and was 
analyzed for total carbonyls (Levine et al., 1990). Protein concentration was determined after the 
completion of the assay using the biuret method (Robson et al., 1968), and values of carbonyls 
were then corrected for protein by dividing the concentration of carbonyls by protein 
concentration using the following equation. 
!"##$%&$'	%)#*"+,-	(+//12) = 	
!)#*"+,-		%"+%$+&#)&5"+	(+//1-)
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In preparation for  AAS and GGS analysis, the protein supernatant was then corrected to 
20 mg of protein /ml and was analyzed following a modified method (Estévez et al., 2009). 
Protein was obtained by precipitating the prepared solution with 50% trichloroacetic acid (TCA). 
This protein pellet was then derivatized by adding 0.5 ml of a solution containing 1% w./v. 
sodium dodecyl sulfate (SDS), and 1mM diethylenetriaminepentaacetic acid (DTPA) in 250 mM 
2-(N-morpholino) ethane sulfonic acid (MES) buffer at pH 6.0, 0.5 ml of 50 mM para-
aminobenzoic acid (ABA) in 250 mM MES buffer, and 0.25 ml of 100 mM NaCNBH3 in 250 
mM MES buffer.  The derivatization medium was incubated at 37°C for 90 min. Then, 0.5 ml of 
cold 50% TCA was added to stop the reaction, and it was clarified at 3000 x g for 5 min at 20°C. 
The pellet was then washed twice with 1 ml of 10% TCA and centrifuged at 3000 x g for 5 min 
at 20°C. The protein pellet was rewashed with 1 ml of ethanol/diethyl ether to remove excess 
TCA and centrifuge at 3000 x g 5 min at 20°C. The resulting solution was allowed to dry under 
vacuum. The hydrolyzed protein was diluted with 200 µl HPLC grade water was added. 15 µl of 
the resulting solution was injected into an Agilent Technologies HPLC Tandem Mass 
Spectrometer LC/MS/MS Ion Trap 6300 version 6.1, Bruker (MS control). Data collection was 
done using 6300 Series Ion Trap LC/MS version 3.4.at a flow rate of 0.4ml/min, with a Luna 
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reversed-phase column (5μm C18 II column, 150×1.00 mm inner diameter, Phenomenex 
Torrance, CA) set at 30°C. The isocratic solvent system was used with 95% solvent A (2.5% 
acetic acid in water) and 5% solvent B (2.5% acetic acid in methanol). Electrospray ionization 
(ESI) was used to detect the resulting mass of AAS and GGS.  
A standard curve was created using AAS and GGS synthesized previously described by 
Estéves (2009). Briefly, 5 g of fresh egg shell membrane was added to 50 ml of 20mM sodium 
phosphate buffer, pH 9 containing 10mM Na-acetyl-L-lysine or Na-acetyl-L-ornithine. The 
solution was incubated at 37°C for 24 hours, then centrifuged at 3000 x g for 10 min to remove 
egg shell membrane and any undissolved protein. The supernatant was collected, and the pH was 
adjusted to 6 using 1M HCl followed by derivatization with 3mM 4-aminobenzoic acid (ABA) 
and 4.5 mM NaCNBH3. After incubation at 37°C for 2 hours with stirring, 100 µl of the solution 
was dried in vacuum for 12 hours. The resulting solids were suspended in 100 µl of HPLC water 
and filtered through 0.45µm LC-MS filter to achieve a 10 mM stock solution. 
The concentration of AAS and GGS in mM was calculated based on a standard curve. 
The final concentration on a per mg protein basis was calculated by dividing the previous 
concentration by 20 mg of protein, as shown by the following equation. 
778	"#	998	(+//12) = 	
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Statistical analysis   
Due to differences in composition that would impact the formation of carbonyl or 
specific oxidation products, each product was analyzed separately. Additionally, as products may 
oxidize by separate modes of action during different storage conditions, both storage 
temperatures were analyzed independently. Antioxidants were utilized to achieve differences in 
oxidation in products, and the effect of antioxidant was not analyzed in this study. Therefore, 
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only the main effect of time was analyzed for each product at each temperature. Three samples 
were analyzed in triplicate for AAS and GGS at each time point for each level of antioxidant 
resulting in n=3. Five samples were analyzed for carbonyls in triplicate at each time point for 
each level of antioxidant resulting in n=5.  The following model was used for analysis. 
<!"# = = + ?! + @!"# 
In the above model, < is the observed value; = represents the overall mean; T is the ith 
level for the fixed effect of time, and eijk represents the random error associated with <!"# 
assuming that	~Ν(0, ΙE$%). P-values ≤ 0.05 were considered significantly different, with P-value 
of 0.05 < P ≤ 0.10 considered trends. Data were analyzed as a completely random design using 
Proc MIXED procedure of SAS (version 9.4; SAS) with means reported using LSMEANS. 
 
Results and Discussion 
Protein oxidation was confirmed in poultry blood meal as evidenced by an increase in 
carbonyls when stored at 45°C for 14 days compared to fresh (P-value = 0.02) shown in Table 
3.1. Similarly, results summarized in Table 3.2 show products stored at 20°C for 6 months, 
increased in carbonyls from fresh in poultry blood meal (P-value = 0.02), low ash chicken by-
product meal without antioxidant (P-value = 0.02), low ash chicken by-product meal with natural 
antioxidant (P-value = 0.02), fish meal without antioxidant (P-value < 0.01), fish meal with 
synthetic antioxidant (P-value < 0.01), and fish meal with natural antioxidant (P-value < 0.01). 
These results are expected as heat has been previously shown to increase oxidation in other 
protein meals (Tang et al., 2012; Wu et al., 2014; Zhang et al., 2017). Although carbonyl 
formation can originate from the oxidation of many side chains or peptide cleavage, the 
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oxidation of lysine and arginine into AAS and GGS (Figure 3.1) explains 20 – 60 percent of total 
carbonyls in meat products (Utrera et al., 2011; Fuentes et al., 2014). 
However, when examining poultry blood meal stored at 45°C for 14 days compared to 
fresh, no difference is observed in either AAS or GGS (P-value = 0.29, P-value = 0.21). Nearly 
all products stored at 45°C for 14 days compared to fresh, did not increase in either AAS (Table 
3.3) or GGS (Table 3.4). Granted, chicken by-product meal with natural antioxidants decreased 
in total carbonyls when stored for 14 days (P-value = 0.04). Similarly, chicken byproduct with 
natural antioxidant decreased in both AAS (P-value = 0.02) and GGS (P-value = 0.02). 
Additionally, chicken by-product meal with synthetic antioxidants did not change in total 
carbonyls yet decreased in GGS (P-value = 0.01). The only product that increased in AAS as 
expected was beef meat and bone meal with synthetic antioxidants (P-value <0.01) but did not 
show an increase in total carbonyls (P-value = 0.45). 
In products stored at 20°C for 6 months, no increase in AAS (Table 3.5) or GGS (Table 
3.6) was detected in any product except for spray-dried plasma that revealed an increase in AAS 
(P-value = 0.05). The lack of an increase in AAS and GGS is contradictory to the total carbonyl 
content. While an increase in carbonyl content was observed in 6 products, a corresponding 
increase in AAS or GGS was not observed. Rather, the only difference detected in these 6 
products was a decrease in GGS in the fish meal with no antioxidants (P-value = 0.02). 
Furthermore, in chicken by-product meal with natural antioxidants, no difference was detected 
by carbonyls (P-value = 0.66), but a decrease in both AAS (P-value <0.01) and GGS (P-value = 
0.04) was observed. Additionally, chicken by-product meal with synthetic antioxidants did not 
change in carbonyls measured by DNPH (P-value = 0.90) after 6 months of storage, yet a 
decrease in GGS was noted during the same storage conditions (P-value = 0.04). 
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It was expected that increased storage time would result in increased protein oxidation 
measured by both total carbonyls as well as AAS and GGS. However, while poultry blood meal, 
low ash chicken by-product meal without and with natural antioxidants, and all antioxidant 
treatments of fish meal all increased in carbonyls, none of these increased in either AAS or GGS, 
and fish meal without antioxidants decreased in GGS. Furthermore, spray-dried plasma and beef 
meat and bone meal with synthetic antioxidants did not change in carbonyls yet were the only 
products to increase in AAS. No products increased in GGS. It is also important to note these 
data are similar to other studies that have shown that in general GGS is more abundant than AAS 
(Requena et al., 2001).  
Because both AAS and GGS are considered the major carbonyls formed during protein 
oxidation (Requena et al., 2001; Zhang et al., 2013) these measures should have confirmed 
protein oxidation in products that were observed by measuring total carbonyls. However, these 
results would suggest that there are inconsistencies between measuring protein oxidation by total 
carbonyls and LCMS in rendered products stored at 45°C for 14 days or 20°C for 6 months.    
Previous research has confirmed that measures of AAS and GGS are sufficient measures 
to indicate total protein oxidation (Akagawa et al., 2006; Armenteros et al., 2009; Estévez et al., 
2009). Each of these previous studies has examined protein oxidation in biological systems or in 
proteins that are not exposed to extreme conditions such as those products analyzed in this study. 
Furthermore, in the studies by Estévez (2009) and by Akagawa (2006), proteins were solubilized 
before oxidation. Further, solubilized meat proteins which are similar to products analyzed here 
but were not exposed to the extreme conditions of rendering (Armenteros et al., 2009). 
Rendering conditions likely induce oxidation, which has been shown to reduce the solubility of 
meat proteins (Hanan and Shaklai, 1995; Jarenback and Liljemark, 2007). This study was the 
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first to successfully measure carbonyls in severely oxidize proteins that are challenging to 
solubilize. If rendered proteins decreased in solubility due to severe oxidation, the quantity of 
AAS and GGS in in the soluble fraction may be reduced. This might explain why in products 
that increased in oxidation, potentially leading decreased solubility, a decrease was observed in 
AAS and GGS. 
Oxidation is a complicated process where the matrix, environmental conditions, and 
catalysts can all impact the type and extent of products formed. One factor to consider is lipid 
oxidation, and the effects products of lipid oxidation may have. Dicarbonyl products of lipid 
oxidation, such as malondialdehyde (MDA), can bind to free amine groups found on lysine and 
arginine (Estévez et al., 2019). These dicarbonyl would be measured by the DNPH assay but 
would not affect the LC-MS analysis. This may explain the observed increase in carbonyls while 
AAS or GGS did not change in products such as low ash chicken by-product meal without 
antioxidant or with mixed tocopherols or fish meal with either antioxidant stored at 20°C. Fish 
meal without antioxidants stored at 20°C did increase in carbonyls but also decreased in GGS, 
which is not explained by the interaction of MDA limiting semialdehyde formation. Although 
poultry blood meal stored at both temperatures increased in carbonyls and no change was 
observed for AAS or GGS, it is unlikely that products of lipid oxidation had such an effect as 
this product contains less than one percent lipid. 
An additional explanation for a decrease in AAS or GGS could be a result of their 
reaction with lysine to form a Schiff base. This reaction would result in a crosslink, thus 
contributing to the decreased solubility observed. Furthermore, the Schiff base would act like a 
carbonyl during the total carbonyl assay and be included in the value reported (Requena et al., 
2001). However, as the Schiff base is reduced in preparation for LCMS analysis, it would not be 
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included in the AAS or GGS values (Requena et al., 2001). In this case, the Schiff base 
originated from AAS or GGS and would be correctly interpreted by the carbonyl assay but 
underestimated by the LCMS analysis. 
In the previous study by Estévez, proteins were incubated at 37°C for up to 14 days 
(2009) which is similar to the current experiment (incubated at 45°C for 14 days). The study 
noted that an increase in AAS in bovine serum albumin was observed until 10 days and then 
decreased at 14 days (Estévez et al., 2009). It is essential to recognize that carbonyl formation as 
a result of oxidation, such as the formation of AAS and GGS, is irreversible (Møller et al., 2011).  
Estevez has suggested that the decrease in AAS may be a result of this compound further 
oxidized into secondary oxidized products (2009). This is further supported in a separate study 
where myofibrillar proteins incubated at 37°C increased in AAS and GGS through 15 days of 
storage, but then decreased between day 15 and day 20 (Estévez and Heinonen, 2010). These 
studies provide evidence that both AAS and GGS may be produced then degraded with increased 
oxidation.  Oxidation of the carbonyl carbon could result in the addition of a hydroxyl group 
forming a carboxylic acid. Therefore AAS would be oxidized into aminoadipic acid (AAA) 
while GGS would be oxidized into glutamic acid (Hellwig, 2020). As both of these secondary 
oxidation products still contain a carbonyl, they would be included in the total carbonyl assay. 
These products would have a different mass spectrum compared to AAS and GGS, thus not 
being accounted for during LCMS analysis. As a result, it could be expected that when plotted 
against the increase in oxidation of a protein, AAS and GGS content would result in a bell shape 
curve representing the formation and further oxidation of these products. This would explain 
why AAS and GGS decreased while total carbonyls increased in products such as fish meal 
stored for 6 months. 
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Furthermore, an increase in AAS in spray-dried plasma and beef meat and bone meal 
with synthetic antioxidants was observed. These products can be considered to have the lowest 
potential for protein oxidation due to their processing methods and composition. Therefore, it 
may be that the lysine in these products has been oxidized to AAS, whereas in other products, 
AAS has stared to be degraded into secondary oxidation products (AAA).  This could also 
suggest that measuring AAS is more suitable than total carbonyls in products that have a lower 
potential for protein oxidation.  
This study aimed to examine the efficacy of a method to analyze protein oxidation by 
measuring specific carbonyls compared to total carbonyls. Results showed that when an increase 
in carbonyls observed, there was either no change or a decrease in AAS and GGS. Previous 
research confirming AAS and GGS as valid indicators of protein oxidation has focused on 
products that have not experienced the temperature and conditions of rendering. However, in 
oxidized rendered protein samples, it has been proposed that the AAS and GGS break down into 
further oxidation products. These results support this proposed mechanism by showing a 
decrease in AAS and GGS in products most susceptible to protein oxidation such as fish meal 
without antioxidants. While AAS and GGS may not be the best markers for protein oxidization 
in extremely oxidized samples, the observed decrease in these compounds would suggest 
measuring secondary oxidation products may be an acceptable measure for protein oxidation. 
The method tested here was successful in solubilizing and preparing metabolites to be analyzed 
by LCMS and shows promise for future work analyzing similar samples for metabolomic 
analysis. 
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Tables and Figures 
Table 3.1 Protein oxidation measured by carbonyls for rendered by products stored at 
45°C over time 
  Carbonyl, nmol/mg  SEM P-value 
Protein Source  Fresh 14 d  
Beef       
 Spray Dried Plasma  7.1 6.9  0.66 0.838 
 Blood meal  17.4 21.7  4.42 0.510 
 Meat and Bone Meal       
  No antioxidant  14.7 17.2  3.77 0.657 
  Synthetic antioxidant  12.8
 
15.7
 
 2.68 0.454 
       
Poultry       
 Blood Meal  55.8
b 
127.2
a 
 18.21 0.024 
 Chicken By-product       
  No antioxidant  15.0 20.7
 
 2.32 0.119 
  Synthetic antioxidant  15.3
 
10.1
 
 1.63 0.056 
  Natural antioxidant  16.1
a 
11.0
b 
 1.49 0.040 
        
 Low ash chicken by-product       
  No antioxidant  13.6 16.8  2.30 0.351 
  Synthetic antioxidant  16.5 14.6  3.41 0.667 
  Natural antioxidant  12.8
 
13.7
 
 1.73 0.713 
       
Fish       
 Fish Meal       
  No antioxidant  11.5
 
15.3
 
 2.90 0.374 
  Synthetic antioxidant  14.8 13.8  2.38 0.758 
  Natural antioxidant  9.4
 
8.9
 
 1.81 0.844 
         
         
Difference in superscripts 
a-c
 within a row indicate significant difference due to 
storage time. 
Difference in superscripts 
y-z
 within a column within a product indicate significant 
difference due to antioxidant. 
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Table 3.2 Protein oxidation measured by carbonyls for rendered by products stored 
at 20°C over time 
  Carbonyl, nmol/mg  SEM P-value 
Protein Source  Fresh 6 months  
Beef       
 Spray Dried Plasma  7.1 9.4  1.19 0.202 
 Blood meal  17.4 22.0  3.07 0.322 
 Meat and Bone Meal       
  No antioxidant  14.7 14.9  3.93 0.969 
  Synthetic antioxidant  12.8 20.5  4.53 0.261 
Poultry       
 Blood Meal  55.7
b 
123.1
a 
 15.87 0.017 
 Chicken By-product       
  No antioxidant  15.0 23.8  4.04 0.166 
  Synthetic antioxidant  15.3 16.0  3.99 0.897 
  Natural antioxidant  16.1 14.2  2.99 0.657 
 Low ash chicken by-product       
  No antioxidant  13.6
b 
26.1
a 
 3.18 0.024 
  Synthetic antioxidant  16.5 18.8  4.56 0.727 
  Natural antioxidant  12.8
b 
30.2
a 
 4.33 0.022 
Fish       
 Fish Meal       
  No antioxidant  11.5
b 
53.9
a 
 4.93 <0.001 
  Synthetic antioxidant  14.8
b 
38.1
a 
 4.54 0.006 
  Natural antioxidant  9.4
b 
59.1
a 
 4.28 <0.001 
Difference in superscripts 
a-b
 within a row indicate a significant difference due to 
storage time. 
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Table 3.3  Protein oxidation measured by AAS for rendered by products stored at 45°C over 
time 
  AAS, nmol/mg  SEM P-value 
Protein Source  Fresh 14 d  
Beef       
 Spray Dried Plasma  108
 
120  11 0.50 
 Blood meal  282 180  78 0.41 
 Meat and Bone Meal       
  No antioxidant  251 278  62 0.80 
  Synthetic antioxidant  85
b 
292
a 
 15 <0.01 
         
Poultry       
 Blood Meal  176
 
129  27 0.29 
 Chicken By-product       
  No antioxidant  292 202  65 0.38 
  Synthetic antioxidant  229
 
148  42 0.25 
  Natural antioxidant  383
a 
157
b 
 40 0.02 
 Low ash chicken by-product       
  No antioxidant  213 148  87 0.63 
  Synthetic antioxidant  118 143  42 0.69 
  Natural antioxidant  193
 
148  73 0.68 
         
Fish       
 Fish Meal       
  No antioxidant  186
 
137  80 0.69 
  Synthetic antioxidant  232 193  83 0.75 
  Natural antioxidant  10
 
113  19 0.65 
Difference in superscripts 
a-b
 within a row indicate a significant difference due to storage 
time. 
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Table 3.4 Protein oxidation measured by GGS for rendered by products stored at 45°C over 
time. 
  GGS, nmol/mg  SEM P-value 
Protein Source  Fresh 14 d  
Beef       
 Spray Dried Plasma  267 275  15 0.74 
 Blood meal  462 339  106 0.47 
 Meat and Bone Meal       
  No antioxidant  415 420  67 0.96 
  Synthetic antioxidant  325 372  54 0.57 
         
Poultry       
 Blood Meal  504 398  46 0.21 
 Chicken By-product       
  No antioxidant  316 652
 
 62 0.07 
  Synthetic antioxidant  464
a 
318
b 
 20 0.01 
  Natural antioxidant  595
a 
351
b 
 43 0.02 
 Low ash chicken by-product       
  No antioxidant  395 410  94 0.92 
  Synthetic antioxidant  331 356  36 0.65 
  Natural antioxidant  385 330  51 0.49 
Fish         
 Fish Meal       
  No antioxidant  349
 
329  31 0.67 
  Synthetic antioxidant  348 380  58 0.72 
  Natural antioxidant  271 317  21 0.20 
Difference in superscripts 
a-b
 within a row indicate a significant difference due to storage 
time. 
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Table 3.5 Protein oxidation measured by AAS for rendered by products stored at 20°C 
over time 
  AAS, nmol/mg  SEM P-value 
Protein Source  Fresh 6 months  
Beef       
 Spray Dried Plasma  108
b
 335
a
  48 0.05 
 Blood meal  282 158  81 0.34 
 Meat and Bone Meal       
  No antioxidant  251 246  101 0.98 
  Synthetic antioxidant  85 213  75 0.32 
         
Poultry       
 Blood Meal  176
 
141
 
 19 0.26 
 Chicken By-product       
  No antioxidant  292 217  62 0.44 
  Synthetic antioxidant  229 226  21 0.93 
  Natural antioxidant  383
a
 259
b
  14 <0.01 
 Low ash chicken by-product       
  No antioxidant 213 164  77 0.68 
  Synthetic antioxidant  118 148  31 0.53 
  Natural antioxidant  193 151  69 0.69 
     
 
 
 
   
Fish       
 Fish Meal      
  No antioxidant 186 113  60 0.43 
  Synthetic antioxidant  232
 
80
 
 70 0.20 
  Natural antioxidant  10
 
65
 
 26 0.39 
Difference in superscripts 
a-b
 within a row indicate a significant difference due to storage 
time. 
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Table 3.6 Protein oxidation measured by GGS for rendered by products stored at 20°C 
over time 
  GGS, nmol/mg  SEM P-value 
Protein Source  Fresh 6 months  
Beef       
 Spray Dried Plasma  267 280  16 0.61 
 Blood meal  462 559  164 0.70 
 Meat and Bone Meal       
  No antioxidant  415 464  106 0.76 
  Synthetic antioxidant  325 354  62 0.76 
          
Poultry       
 Blood Meal  504
 
443
 
 30 0.26 
 Chicken By-product       
  No antioxidant  316 649
 
 80 0.21 
  Synthetic antioxidant  464
a
 374
b
  21 0.04 
  Natural antioxidant  595
a
 429
b
  39 0.04 
 Low ash chicken by-product       
  No antioxidant  395 629
 
 73 0.11 
  Synthetic antioxidant  331 331
 
 23 0.99 
  Natural antioxidant  385
 
372
 
 59 0.88 
Fish         
 Fish Meal       
  No antioxidant  349
a 
269
b 
 16 0.02 
  Synthetic antioxidant  348
 
283
 
 28 0.18 
  Natural antioxidant  271
 
257
 
 21 0.66 
Difference in superscripts 
a-b
 within a row indicate a significant difference due to storage 
time. 
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Figure 3.1 The oxidation of lysine and arginine form a-aminoadipic semialdehyde (AAS) and g-
glutamic semialdehyde (GGS). 
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Abstract 
Rendered products used in animal feed and pet food undergo extreme temperatures 
during manufacturing and may be stored up to two years. No information is available on protein 
oxidation in these products. The objective of this study was to determine the extent to which 
typical antioxidant inclusion at different storage conditions may limit protein oxidation in typical 
rendered protein meals. Two experiments were conducted on 14 rendered products stored at 
either 45°C for 7 or 14 days, or at 20°C for 3 or 6 months to determine the extent to which time, 
temperature, and antioxidants affect protein oxidation. Results from this study show that fish 
meal and chicken blood meal are susceptible to protein oxidation during storage at 45°C (P = 
0.05; 0.03) as well as during storage at 20°C (P = 0.01; 0.04). Natural antioxidants were effective 
at limiting carbonyl formation in fish meal during short term storage at 45°C whereas ethoxyquin 
was effective at limiting the extent of protein oxidation in fish meal stored long term at 20°C. 
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Introduction 
It is essential to understand how protein oxidation can impact the quality of rendered 
protein meals used for livestock and companion animal feeds. Consumption of oxidized proteins 
may lead to oxidative stress of various tissues throughout the body (Estévez and Xiong, 2019). 
From a performance standpoint in livestock species, consumption of oxidized lipids can 
negatively impact efficiency and production costs (Dibner et al., 1996; Takahashi and Akiba, 
1999; DeRouchey et al., 2004; Tavarez et al., 2011). Consumption of oxidized protein resulted in 
decreases in daily weight gain and feed intake (Wu et al., 2014; Chen et al., 2015). In other 
species, where longevity is the overall goal (such as companion animals or humans), oxidative 
stress may lead to specific health issues. For example, in humans, it is hypothesized that protein 
oxidation plays a part in certain age-related diseases such as Alzheimer’s, Parkinson’s, 
inflammatory bowel disease, muscular dystrophy, and even diabetes (Estévez and Luna, 2017). 
The rendering process is a vital step in nearly all meat processing facilities for feed 
safety, sustainability, and economic reasons. Rendering transforms unusable tissues into valuable 
feed ingredients (Meeker and Meisinger, 2015). This process separates lipids, protein, and 
moisture, as well as increases the shelf life and safety by destroying spoilage organisms and 
pathogens through the use of high heat. Additionally, this step eliminates potential spoilage and 
putrefaction bacteria that could decrease product quality. Without this step, these products would 
be unusable and would result in waste. It is rendering that allows the meat and animal feed 
industries to be sustainable. In the production of rendered protein meals, raw materials are 
cooked, pressed, ground, and finally dried. Typically during the cooking process, products are 
exposed to temperatures of 115°C - 145°C for 40 – 90 minutes (Anderson, 2006). 
 87 
Within the rendering industry, there can be a wide variation in the quality of products 
produced. Renderers and their customers measure many quality traits. One of these traits is lipid 
oxidation. Lipid oxidation can cause quality deterioration, including nutritional quality loss and 
consumer acceptance decline. Consumer acceptance is especially important in the pet food 
industry because of its association with distinct objectionable odors and flavors. The industry 
recognizes that the lipid content of these protein meals is susceptible to oxidation. Thus 
antioxidants (synthetic and natural) are used to control lipid oxidation. 
 Because of greater perceived stability, oxidative deterioration of the protein fraction of 
the meals receives less attention. In most protein meals, tests are only performed to ensure the 
product matches the legal definition for composition. These tests generally include a minimum or 
maximum values for protein, moisture, and calcium. Whereas studies examining dietary oxidized 
protein in broilers and rodents have shown decreased organ and immune function, the risks to 
livestock or companion animals that consume oxidized lipids and proteins are not well defined 
(Wu et al., 2014; Li et al., 2016; Ding et al., 2017; Estévez and Luna, 2017; Yang et al., 2017). 
 Currently, there is no information on the extent of protein oxidation present in rendered 
products. Just as importantly, the rate and extent of further oxidation in proteins in these products 
during storage is unknown. Heat induces protein oxidation in soy protein isolate (Tang et al., 
2012; Zhang et al., 2017). Cooking lamb loins will increase the amount of protein oxidation 
(Roldan et al., 2014). Lipid oxidation generates free radicals that can catalyze both lipid and 
protein oxidation. In beef patties, greater lipid content was associated with more protein 
oxidation (Utrera et al., 2014). Similar studies have shown that when lipids become oxidized, 
they can initiate protein oxidation (Nielsen et al., 1985). Rendered products from the meat 
industry are highly susceptible to lipid oxidation and thus have the capacity to be susceptible to 
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protein oxidation. There are steps during the rendering process that can lead to oxidation of both 
lipids and proteins. However, it is unclear how stable the product is, especially the protein 
component, during storage post-processing. While antioxidants are added to control lipid 
oxidation, it is not known how well these antioxidants protect from the oxidation of proteins.  
A variety of rendered meals are used in animal diets. These products are used for various 
nutritional purposes due to differences in composition (Table 4.1). For example, blood meals are 
used as they contain the highest levels of lysine among natural feed ingredients. The high 
calcium in meat and bone meal is appealing to egg-laying operations (Meeker and Hamilton, 
2006). A variety of methods are employed to make these products. Greater amounts of heat and 
time are needed to produce blood meal to drive off the added moisture. Specific processes allow 
manufacturers to reduce the amount of inorganic material as in the case for chicken by-product 
compared to low ash chicken by-product meal. As a result, this increases the concentration of 
other nutrients. These differences in composition and production practices may all impact the 
extent and rate of oxidation in both lipids and proteins and make it difficult to compare between 
products. It could be expected that different catalysts of oxidation could have different impacts 
depending on the product. 
Rendered protein sources are widely used in both the livestock and companion animal 
feeds due to their high protein content and relatively low cost. Through the rendering process as 
well as post-production transportation and storage, many factors may induce protein oxidation. 
Considering these products are not thermally controlled during storage, these products could 
reach 45°C for shorter periods. The expected shelf life of rendered products is 1-2 years. The 
average storage temperature for extended periods would be around 20°C. These conditions 
generate an environment that promotes protein oxidation and carbonylation. The use of 
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antioxidants should limit protein oxidation. This study aimed to determine the extent to which 
typical antioxidant inclusion at different storage conditions may limit protein oxidation in 
common rendered protein meals This information is vital to understand if protein oxidation 
should be considered in quality measures of rendered meals. 
 
Materials and Methods 
Materials used 
 Beef, poultry, and fish protein meal sources were used to give a general overview 
of common rendered products. All products were obtained from commercial renderers. Products 
containing antioxidants were treated at the manufacturer using currently employed application 
methods. Alaskan pollock fish meal products were received from an at-sea processor. The fish 
meal with synthetic antioxidant added ethoxyquin. Fish meal, chicken by-product meal, and low 
ash chicken by-product meal that contained natural antioxidants utilized mixed tocopherols in a 
total commercial product. The synthetic antioxidants used in bovine meat and bone meal, 
chicken by-product, and low ash chicken by-product meal was a commercial mixture containing 
butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT). The manufacturer added 
antioxidants under industry protocols, and the target levels were as appropriate for the 
antioxidant used. In addition to these products, blood meals from poultry and beef, as well as 
bovine spray-dried plasma were analyzed. These ingredients do not typically contain 
antioxidants as the lipid content is 0.5%, 0.7%, and 0.8% for spray-dried plasm, beef blood meal, 
and poultry blood meal, respectively (Table 4.1). 
Experimental design 
Samples of spray-dried bovine plasma, bovine blood meal, bovine meat and bone meal 
with and without synthetic antioxidants, chicken by-product with synthetic, natural, and no 
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antioxidants, low ash chicken by-product meal with synthetic, natural, and no antioxidants, and 
fish meal with synthetic, natural, and no antioxidants were utilized. Each product was split into 
25 samples that were randomly assigned to one of five storage conditions (control, 45°C for 7 or 
14 days, or 20°C for 3 or 6 months), resulting in 5 replicates per storage condition (n=5). To 
imitate different storage conditions, this study was split into two experiments. In experiment 1, 
products were held at 45°C for 7 or 14 days to simulate maximum feasible storage temperatures 
that would last for shorter periods. Experiment 2 was designed to keep products at 20°C for 3 or 
6 months to mimic normal storage temperatures for extended periods.  
Material handling 
Products were obtained from each respective facility by collecting samples during 
loadout at 10-minute intervals during processing and pooling samples together.  In products that 
contained antioxidants, these were added at the rendering facility immediately before loadout. 
Upon delivery to the Iowa State University Companion Animal Nutrition Lab, products were 
vacuum sealed and stored at -20°C until the start of each experiment (beef products – 9 months, 
poultry – 2 months, fish – 2 days). Each product was divided into 25 samples containing 200 g 
and randomly assigned to 1 of 5 treatments. Control samples were immediately vacuum 
packaged and stored at -20°C. Samples in the remaining treatments were placed in rectangular 
aluminum pans (14x12x5 cm) and placed in an incubator for assigned time and temperature. In 
experiment 1, samples were held at 45°C for either 7 or 14 days and were rotated within the 
incubator daily. In experiment 2, samples were held at 20°C for 3 or 6 months and were rotated 
within the incubator each week. Each sample was removed from the incubator after the assigned 
time and immediately vacuum packaged and stored at -20°C until completion of all incubation 
periods (6 months).  
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Chemical analysis   
Control products were analyzed in duplicate for dry matter (AOAC 930.01), ash (AOAC 
942.05), crude protein by using a LECO Nitrogen Analyzer (AOAC 992.15), and lipid by acid 
hydrolyzed followed by ether extract (AOAC 2003.06). All samples were analyzed for carbonyls 
following a modified protocol (Levine et al., 1990). Protein meal (2 g) was dissolved in 50 ml of 
5% w/v sodium dodecyl sulfate (SDS), vortexed, and placed in a water bath for 1 hour at 100°C 
(Soglia et al., 2016). Samples were removed and immediately put on ice and vortexed, followed 
by centrifugation for 10 min at 3000 x g at 4°C to remove any remaining insoluble particles. This 
solution was then corrected to 15 mg of protein /ml and was used for analysis (Levine et al., 
1990). Protein concentration was determined after the completion of the assay using biuret 
method (Robson et al., 1968), and values of carbonyls were calculated as nmol carbonyl per mg 
protein using the following equation. 
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Statistical Analysis 
In samples that did not have antioxidants (bovine spray-dried plasma, bovine blood meal, 
chicken blood meal), products were analyzed for the effect of storage time only within each 
experiment. Products that contained only synthetic antioxidants (beef meat and bone meal) were 
analyzed with a 3x2 factorial design with the effects of time and antioxidants within each 
experiment. Products that contained natural, synthetic, and no antioxidants (chicken by-product, 
low ash chicken by-product meal, Alaska Pollock fish meal) were analyzed with a 3x3 factorial 
design with the effects of time and antioxidant within each experiment. Five samples were 
analyzed in triplicate for protein oxidation at each time point for each level of antioxidant 
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resulting in n=5. Due to the substantial difference in composition of products, results were 
analyzed by each product for each experiment using the following model.  
<!"# = = + ?! + 7" + (7 × ?)!" + @!"# 
In the above model, < is the observed value; = represents the overall mean; T is the ith 
level for the fixed effect of time, (if a product contained variation in antioxidant) A is the jth level 
of the fixed effect of antioxidant, and eijk represents the random error associated with <!"# 
assuming that	~Ν(0, ΙE$%). P-values ≤ 0.05 were considered significantly different, with P-value 
of 0.05 < P ≤ 0.10 considered trends. Data were analyzed as a completely random design using 
Proc MIXED procedure of SAS (version 9.4; SAS) with means reported using LSMEANS. 
Additionally, the day of carbonyl analysis was used as a random effect, and the Tukey post hoc 
test was utilized. 
 
Results and Discussion 
Impact of storage time on protein meals 
Rendered products are commonly expected to have up to a two-year shelf-life. 
Throughout that time, it will likely be shipped in either rail car, truck, or be held in some 
enclosed facility while still being exposed to oxygen. These products will probably be held in 
storage units that are not temperature controlled, leaving them vulnerable to climate temperature 
variations. As a result, it is feasible the most extreme storage conditions a product may 
experience would be during the seasonal summer heat, which would last for a relatively short 
period.  
Protein carbonyl content did not increase in many products. However, in experiment 1, 
chicken blood meal (P-value = 0.03) had significantly greater carbonyl when stored at 45°C for 7 
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days compared to control (Table 4.2). Beef meat and bone meal (P-value = 0.04) and fish meal 
(P-value <0.01) also had greater carbonyl content after storage at 45°C for 7 days compared to 
control (Table 4.3). When stored at 20°C (experiment 2), chicken blood meal (P-value = 0.04; 
Table 4.4) and fish meal (P-value <0.01; Table 4.5) exhibited increased carbonyl content at 6 
months compared to control. Additionally, low ash chicken by-product meal had increased 
carbonyl content after 6 months at 20°C compared to control (P-value = 0.01). These results 
suggest that poultry blood meal and fish meal are not only susceptible to high-temperature 
storage but also extended storage time at a moderate temperature. Additionally, beef meat and 
bone meal is susceptible to protein oxidation during storage at 45°C, yet low ash chicken by-
product meal is susceptible during storage at 20°C.  
The manufacturing process of poultry blood meal has the potential to increase the amount 
of free iron released from hemoglobin. This increase in free heme iron can increase metal-
induced lipid oxidation (Grunwald and Richards, 2006). This free iron can similarly induce 
protein oxidation by way of Fenton reactions (Amici et al., 1989). Lipid oxidation products also 
initiate protein oxidation. However, this is not likely the case for poultry blood meal due to its 
low lipid content (0.8). The increase in protein oxidation of beef meat and bone meal may be due 
to the high ash content (33.0%) of meat and bone meal. Metal ions in beef meat and bone meal, 
such as iron or copper, could induce protein oxidation (Amici et al., 1989; Rahal et al., 2014).  
Fish meal contains 8.3% lipid (Table 4.1) and contains the least saturated as well as most 
polyunsaturated fatty acids (PUFA) compared with other products in this study. Although not 
analyzed in this study, literature values for unsaturation:saturated ratio for Alaskan pollock are 
3.27 compared to 2.19 for chicken and 1.17 for beef (U.S. Department of Agriculture, 2007). 
Additionally, of the fat that is unsaturated fish meal contains the highest percentage of 
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polyunsaturated fatty acids (PUFA) at 77% compared to 34% for chicken and 8% for beef (U.S. 
Department of Agriculture, 2007).  An increase in the content of unsaturated fatty acids- 
specifically polyunsaturated fatty acids, increases the susceptibility of lipid to oxidation (Frankel, 
1998).  
Though short-term storage at high heat resulted in a tendency for increased protein 
oxidation at 7 days in low ash chicken by-product meal (P-value = 0.09), this product is 
vulnerable to extended storage time at 20°C (P-value = 0.01). This could also be a result of the 
lipid in this meal being readily oxidized, thus leading to free radical formation and protein 
oxidation.  
Impact of antioxidants on limiting protein oxidation during storage of protein meals 
Processors must include antioxidants, especially in products susceptible to lipid oxidation 
to maintain acceptable quality. Peroxide value is a contemporary method to verify the 
effectiveness of antioxidants. However, when lipids are oxidized, the resulting products can 
induce protein oxidation. Typical antioxidants work to limit the impact of catalysts (reactive 
oxygen species, metal catalyst, heat) on lipid oxidation. These same catalyst can also impact 
protein oxidation. Therefore, it is possible that typical antioxidants could have some efficacy 
toward limiting protein oxidation.  
Fish meal treated with natural antioxidants contained fewer carbonyls than fish meal 
without or with ethoxyquin (P-value = 0.02). Additionally, when stored at 45°C for 7 or 14 days 
(Table 4.3), fish meal with natural antioxidants (mixed tocopherols) had fewer carbonyls 
compared with fish meal treated without antioxidants (P-value = 0.01). This would suggest that 
the natural antioxidant was effective in controlling for protein oxidation in fish meal stored at 
45°C for 7 days. However, when stored at 20°C for 6 months, fish meal with ethoxyquin had less 
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carbonyl contentment compared to fish meal without antioxidant or with natural antioxidant (P-
value = 0.01). However, it is essential to point out that while the use of synthetic antioxidants did 
limit the extent of protein oxidation after 6 months, fish meal with ethoxyquin was still greater 
than the control suggesting carbonyl formation still occurred (P-value < 0.01). Low ash chicken 
by-product meal containing BHA/BHT stored for 6 months at 20°C tended to contain fewer 
carbonyls than low ash chicken by-product meal without antioxidants or with natural 
antioxidants (P-value = 0.08).  The inclusion of antioxidants in other products did not 
measurably decrease protein oxidation in those products.  
In saturated lipids, free radicals favor reacting with tocopherols over fatty acids. Once the 
free radical reacts with the tocopherol, it is stabilized in the phenolic ring, thus terminating free 
radical propagation (Verleyen et al., 2002). As saturation decreases, as in the case of fish meal, 
free radicals favor fatty acid over tocopherols, resulting in reduced effectiveness of the 
antioxidant (Verleyen et al., 2002). As a result, tocopherols are more effective in controlling lipid 
oxidation in more saturated fats. This has been shown in studies that as the unsaturation of a lipid 
increases, tocopherols are consumed at a slower rate (Verleyen et al., 2002; Barrera-Arellano et 
al., 2005). This slower consumption rate could be an explanation of why tocopherols were not 
effective at preventing carbonyl development in products with a higher proportion of unsaturated 
lipids stored at 20°C. Granted, the study by Marinova and Yanishlieva (1992) showed that a-
tocopherol effectiveness in limiting lipid oxidation in lard increased with increasing temperature 
at 25°C, 50°C, 75°C, and 100°C. This increase in activity with increased temperature may 
explain why mixed tocopherols were effective in the fish meal when stored at 45°C but not at 
20°C.  
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The thermal stability of both natural and synthetic antioxidants is not fully understood in 
rendered meals. Comparing BHA/BHT with ethoxyquin, it was shown that BHA has greater 
thermal stability than ethoxyquin (Sanhueza et al., 2000). Santos et al. (2012) showed that BHA 
vaporized in 155 minutes, while BHT vaporized in 90 minutes when heated to 110°C. The same 
study showed that a-tocopherol withstood the greatest temperature before decomposition, 
followed by BHA and BHT. A similar study examined the effectiveness of antioxidants in 
sunflower oil after heated to 180°C for 1 hour. Results from this study showed BHA and BHT 
were more susceptible to thermal inactivation compared to mixed tocopherols (Allam and 
Mohamed, 2002). The results of these studies provide evidence that tocopherols are more stable 
at elevated temperatures compared to BHA/BHT. Although temperatures that proteins 
experienced during this study were less than these studies, this could explain why when products 
were stored at 45°C, no synthetic antioxidants were effective in limiting protein oxidation as 
evaluated by measures of carbonyl formation.  
The evidence presented supports the conclusion that commonly used antioxidants did not 
directly protect proteins.  Protection was only provided when antioxidants were included in 
products that are most susceptible to lipid oxidation. This secondary effect is likely a result of 
antioxidants controlling lipid oxidation products that may would have promoted protein 
oxidation.  
It should be noted that in chicken by-product stored at 45°C, an unexpected decrease in 
carbonyls was observed between 7 and 14 days of storage at 45°C (P-value = 0.05). This was 
also seen in fish meal stored at 45°C without antioxidants and with natural antioxidants (P-value 
= 0.01). Estévez et al. (2009) made a similar observation in which carbonyls measured in bovine 
serum albumin at 37°C increased from 0-9 days and then decreased at day 14 of storage (Estévez 
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et al., 2009). They proposed that carbonyls may not be the end product of oxidation and could be 
further oxidized. This degradation of the carbonyl may result in the observed decrease in total 
carbonyls. The decrease in carbonyls at 14 days of storage could be a result of carbonyls 
degrading and further oxidizing into unknown secondary products.  
As a result of these two experiments, it is clear that poultry blood meal and fish meal 
when not treated with antioxidants are susceptible to protein oxidation (as measured by 
carbonylation) during a wide range of storage conditions (45°C for 7 days, or 20°C for 6 
months). In the case of fish meal, the use of natural antioxidants did prevent protein 
carbonylation when stored at 45°C for up to 7 days. However, when fish meal stored at 20°C, 
protein oxidation was limited after 6 months with the inclusion of ethoxyquin. Additionally, 
while this study examined carbonyl formation, these compounds may be degraded as a result of 
further oxidation, leading to an underestimation of protein oxidation. Thus, it is important to 
consider time course studies and the inclusion of more measures of protein oxidation end 
products when evaluating antioxidants for their efficacy in preventing/limiting protein oxidation.  
Many factors could play a part in why the products studied here are susceptible. It is 
hypothesized that free iron, ash content, and lipid profile could influence protein and lipid 
oxidation. While these could be possible impacts, the substantial difference in composition 
between products makes it difficult to determine the exact cause for increased protein oxidation. 
Factors such as aggregation that would impact the availability for protein to participate in 
oxidation (Promeyrat et al., 2010), to the inherent amino acid profile of each protein source 
(Davies, 2016) and its mineral content all play a potential role. This study was successful in 
characterizing protein oxidation measured by carbonyl formation during storage of rendered 
meals and in identifying products that are susceptible to protein oxidation. A comprehensive 
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understanding of the specific modes of action and intrinsic features that influence protein 
oxidation will inform the development of technologies to preserve product nutrient and chemical 
quality. 
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Tables 
Table 4.1 Composition of rendered meals as % dry matter 
Product
1 
 DM, % Ash, % Protein, % Lipid, % 
Beef      
 Spray Dried Plasma  99.4 8.1 86.7 0.5 
 Blood meal  97.2 1.2
 
98.1 0.7 
 Meat and Bone Meal  94.2 33.2 52.7 11.0 
Poultry      
 Blood Meal  96.5
 
2.0
 
99.5
 
0.8 
 Chicken By-product  97.3 13.2 70.3 10.3 
 Low ash chicken by-product   98.9 8.2 74.0 13.4 
Fish      
 Fish Meal  96.9 19.9 71.4 8.3 
1
 Proteins were sourced from commercial renderers and did not contain antioxidants 
 
 
Table 4.2 Protein oxidation measured by carbonyls in rendered by products without 
antioxidants for experiment 1 stored at 45°C over short term storage. 
  Carbonyl
2
, nmol/mg protein  Time 
Protein Source
1 
 Control 7 days 14 days  SEM  P-value 
Beef        
 Spray Dried Plasma  7.1 6.2 6.9  0.7  0.64 
 Blood meal  17.4 23.5
 
21.7  4.0  0.56 
Poultry        
 Blood Meal  55.8
b 
110.4
a 
127.2
a 
 16.9  0.03 
Analysis was conducted with 5 replicates at each time and protein source combination 
(n=5). 
Differences in superscripts 
a-b
 within a row indicate a significant difference between time. 
1
 Proteins were sourced from commercial renderers and did not contain antioxidants  
2
 Carbonyls were analyzed as a measure of protein oxidation. Values are reported as nmol of 
carbonyl/mg of protein and are the average of 5 replicates. 
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Table 4.3 Protein oxidation measured by carbonyls in rendered by products for experiment 1 
stored at 45°C over short term storage. 
  Carbonyl
1
, nmol/mg 
protein 
  P-value 
Protein Source  Control 7 days 14 days  SEM Time AOX Time* 
AOX 
Beef meat and bone 
meal 
        
 No antioxidant  14.7 22.4
 
17.2  
3.1 0.04 0.56 0.24 
 BHA/BHT  12.8
 
21.4
 
15.7
 
 
Chicken by-product      
    
 No antioxidant  15.0
ab 
21.0
a 
20.7
a 
 
5.6 0.15 0.07 0.05 
 BHA/BHT  15.3
ab 
18.6
a 
10.1
b 
 
 Natural antioxidant  16.1
ab 
15.1
ab 
11.0
b 
 
Low ash chicken by-product meal   
    
 No antioxidant  13.6 19.5
 
16.8  
2.5 0.09 0.87 0.40 
 BHA/BHT  16.5 16.1
 
14.6  
 Natural antioxidant  12.8
 
20.4
 
13.7
 
 
Fish meal      
    
 No antioxidant  11.5
c 
24.3
a 
15.3
bc 
 
3.0 <0.01 0.02 0.01 
 Ethoxyquin  14.8
bc 
21.3
ab 
13.8
bc 
 
 Natural antioxidant  9.4
c 
14.4
bc 
8.9
c 
 
AOX – antioxidant 
The analysis was conducted with 5 replicates at each time and antioxidant combination (n=5). 
The difference in superscripts 
a-b 
indicates significant interaction between time and antioxidant 
across antioxidant inclusion and time within a product source. 
1
Carbonyls were analyzed as a measure of protein oxidation. Values are reported as nmol of 
carbonyl/mg of protein and are the average of 5 replicates. 
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Table 4.4 Protein oxidation measured by carbonyls in rendered by products without 
antioxidants for experiment 2 stored at 20°C over extended storage. 
  Carbonyl
2
, nmol/mg protein  Time 
Product
1 
 Control 3 months 6 months  SEM P-value 
Beef        
 Spray Dried Plasma  7.1 8.5 9.4  1.2 0.41 
 Blood meal  17.4 29.8
 
22.0  4.3  0.16 
Poultry        
 Blood Meal  55.7
b 
87.2
ab 
123.1
a 
 16.2  0.04 
The analysis was conducted with 5 replicates at each time and protein source combination 
(n=5). 
Differences in superscripts 
a-b
 within a row indicate a significant difference between time. 
1
 Proteins were sourced from commercial renderers and did not contain antioxidants  
2
 Carbonyls were analyzed as a measure of protein oxidation. Values are reported as nmol of 
carbonyl/mg of protein and are the average of 5 replicates. 
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Table 4.5 Protein oxidation measured by carbonyls in rendered by products for experiment 2 
stored at 20°C over extended storage. 
  Carbonyl
1
, nmol/mg protein   P-value 
Protein Source  Control 3 
months 
6 
months 
 SEM Time AOX Time* 
AOX 
Beef meat and bone meal         
 No antioxidant  14.7 20.8
 
14.9  
4.3 0.14 0.52  0.42 
 BHA/BHT  12.8 23.9
 
20.5  
Chicken by-product          
 No antioxidant  15.0 20.7
 
23.8  
3.4 0.70 0.19  0.45 
 BHA/BHT  15.3 12.1
 
16.0  
 Natural antioxidant  16.1 18.3 14.2  
Low ash chicken by-product meal        
 No antioxidant  13.6 23.7
 
26.1  
4.2 0.01 0.58  0.08 
 BHA/BHT  16.5 17.8 18.8  
 Natural antioxidant  12.8
 
18.0
 
30.2
 
 
Fish Meal      
    
 No antioxidant  11.5
d 
31.9
b 
53.9
a 
 
4.8 <0.01 0.29  <0.01 
 Ethoxyquin  14.8
cd 
27.9
bc 
38.1
b 
 
 Natural antioxidant  9.4
d 
30.1
b 
59.1
a 
 
AOX – antioxidant 
The analysis was conducted with 5 replicates at each time and antioxidant combination (n=5) 
The difference in superscripts 
a-d
 indicates significant interaction between time and 
antioxidant across antioxidant inclusion and time within a product source. 
1
Carbonyls were analyzed as a measure of protein oxidation. Values are reported as nmol of 
carbonyl/mg of protein and are the average of 5 replicates. 
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Abstract 
Rendered products used in aquaculture feed, animal feed, and pet food are excellent 
protein sources due to their amino acid profile and digestibility. During the extrusion of pet and 
aquaculture feed, pressure and temperature are applied to cook feed in order to form the desired 
kibble or pellet, which may induce protein oxidation. Limited research is available on how 
rendered protein meals perform when extruded. Typically, antioxidants are included in rendered 
proteins to control lipid oxidation. It is unknown how the extrusion process can impact protein 
oxidation of rendered meat products. The objective of this study was to determine the extent to 
which extrusion and antioxidant inclusion would impact protein oxidation and processing ability 
of rendered protein meals. Rendered protein meals, with and without typical antioxidant 
inclusions were extruded. Physical characteristics (expansion, durability, density, and color) and 
protein carbonyls as a measure of protein oxidation were evaluated in raw and extruded rendered 
protein meals. Extruding increased carbonyl formation in poultry blood meal (P<0.01), chicken 
by-product meal (P<0.01), and low ash chicken by-product meal  (P<0.01). Mixed tocopherols 
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were more effective than BHA/BHT limiting carbonyl formation in chicken by-product meal 
(P<0.01) and low ash chicken by-product meal  (P<0.01) while ethoxyquin was more effective 
than mixed tocopherols at limiting carbonyl formation in fish meal (P<0.01). The most notable 
change in physical characteristics was fish meal treated with mixed tocopherols, no antioxidants, 
or ethoxyquin resulted in a pellet durability of 55.52%, 67.73%, and 74.46 % respectively 
(P<0.01). This suggests that for fish meal, the inclusion of ethoxyquin resulted in a more durable 
extrudate. Since product and antioxidant inclusion can impact the chemical and physical 
characteristics, manufacturers need to consider if inclusion of a given antioxidant will limit 
protein oxidation, as well as how that antioxidant is impacting the physical characteristics of the 
extrudate. 
Introduction 
Rendered proteins meals are an ideal source of protein in animal feeds due to their 
concentration of essential amino acids as well as high digestibility.
1
 The rendering process is a 
vital step in nearly all meat processing facilities for both sustainability and economic reasons. 
Without rendering, inedible product would be unusable resulting in waste, contributing to an 
increase in greenhouse gas emissions.
2,3
 Rendering also reduces the amount of land and water 
needed to produce a replacement for these feed ingredients.
2
 During the rendering process 
provides, heat is used to aid in separating fats from proteins as well as providing a vital kill step 
for pathogens thus increasing feed saftey.1 This step also eliminates potential spoilage and 
putrefaction bacteria that could decrease product quality. Rendered protein meals are commonly 
further processed by extrusion especially for companion animal and aquaculture diets. However, 
limited research is available on how rendered protein meals perform when extruded. 
Extrusion is commonly utilized to create a complete diet that is durable, while also 
increasing the digestibility of carbohydrates. This is done by gelatinizing starches, or by 
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degrading antinutritional factors.
4
 The heat encountered during processing also can kill 
pathogens to create a sterile product.
4
 To achieve these benefits, extrusion utilizes heat and 
pressure during a short period of time to cook product.  It is unknown how this process will 
impact protein oxidation in the final product. Heating has been shown to induce protein 
oxidation in products as varied as soy protein isolate and lamb.
5–7
 Pressure has also been shown 
to induce oxidation of lipids in the presence of muscle tissue by releasing free iron.
8
 Another 
factor to consider is that products with greater lipid contents have the potential to induce free 
radical formation, leading to protein oxidation.
9,10
 Rendered products from the meat industry are 
susceptible to lipid oxidation and thus have the capacity to also be susceptible to protein 
oxidation. While antioxidants are added to control lipid oxidation, it is not known how well these 
antioxidants provide protection from oxidation of proteins. 
Understanding protein oxidation in rendered products is vital considering these products 
often are used as fish and animal feed or as ingredients in companion animal diets. From an 
animal performance standpoint, consumption of oxidized lipids can impact efficiency and 
production costs.
11–14
 In studies examining consumption of oxidized proteins, decrease in daily 
weight gain and feed intake were also observed.
15,16
 In other species, where longevity is the 
overall goal (such as companion animals) oxidative stress can lead to certain health issues. 
Studies examining dietary oxidized protein in broilers and rodents have shown decreased organ 
and immune function.
16–19
 These possible implications justify the need to understand how 
extrusion can impact protein oxidation. 
The use of rendered protein meals also contributes to the final product quality of 
extrudates. During the extrusion process, proteins are denatured allowing for new protein to 
protein interactions to form that stabilize the extrudate.
20
 The formation of protein interactions 
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contributes to the physical characteristics such as durability, expansion ratio and unit density 
describing the quality of the extrudate. Post-extrusion handling and shipping of product can 
result in physical stress of the extrudate, resulting in breaking and the accumulation of fine 
particles. The breakdown into fine particles eliminates the convenience of feeding an extruded 
product. As a result, manufacturers aim to maximize durability. Unit density is another important 
characteristic especially in aquaculture feed, as extrudate that is able to float limits overfeeding, 
maintains water cleanliness, and allows for visual observations of feeding 
21
. If a product has a 
unit density less than water, it should exhibit floating properties. The expansion of a product 
results upon steam flashing off upon exiting the extruder. With respect to oxidation, increased 
expansion results in an increase incorporation of air within the product, thus increasing the 
susceptibility to oxidation.
4
 Color can also be indicative of quality characteristics such as 
digestibility, solubility, sulfhydryl groups, or formation of Maillard reaction products.
21–24
  
There are a variety of rendered products that are used in extruded animal diets. Each has 
its own potential challenges with respect to oxidative stability. Therefore, the objective of this 
study was to determine the extent to which extrusion and antioxidant inclusion would impact 
protein oxidation of rendered protein meals. It is hypothesized that carbonyl formation in 
rendered protein meals will increase as a result of extrusion and this increase will be limited by 
antioxidant inclusion.  
 
Materials and Methods 
Materials  
Beef, poultry, and fish protein sources were used as they are common rendered products 
that are used in extruded animal feeds. All products were obtained from commercial renderers. 
Products containing antioxidants were treated at the manufacturing plants using their currently 
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employed application methods. Alaskan pollock fish meal products were obtained from an at-sea 
processor. Fish meal with synthetic antioxidant utilized ethoxyquin. Fish meal, chicken by-
product meal, and low ash chicken by-product meal that contained natural antioxidants contained 
mixed tocopherols provided by a commercial antioxidant. Bovine meat and bone meal, chicken 
by-product meal and low ash chicken by-product meal  that contained synthetic antioxidants 
utilized a commercial mixture containing butylated hydroxyanisole (BHA), and butylated 
hydroxytoluene (BHT). Antioxidants were added at the rendering facility under industry 
protocols. In addition to these products, blood meal from poultry and beef were used. Per typical 
industry protocols, these ingredients do not have antioxidants added because the lipid content is 
less than one percent. 
Experimental design 
Due to differences in the dry matter and processing, differences between meat meals were 
analyzed separately from blood meals. Additionally, products were analyzed within products for 
the effects of extrusion and antioxidant (when applicable). Products with no antioxidant 
treatment (bovine blood meal and poultry blood meal) were analyzed with 2 treatments (pre- and 
post-extrusion) for the main effect of extrusion. Bovine meat and bone meal was analyzed with 4 
treatments as a 2×2 factorial with 2 levels of extrusion (pre- and post-extrusion) and 2 treatments 
of antioxidant (none and synthetic) for the main effects of extrusion, antioxidant, and their 
interaction. Chicken by-product meal, low ash chicken by-product meal, and fish meal were 
analyzed with 6 treatments as a 2×3 factorial with 2 levels of extrusion (pre- and post-extrusion) 
and 3 levels of antioxidant (none, synthetic, and natural) for the main effects of extrusion, 
antioxidant, and their interaction.  
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Material handling 
Products were obtained from each respective facility by collecting samples during 
loadout at 10 minute intervals during processing. Samples were then pooled to obtain a 
representative sample for a day’s production at the plant. In products that contained antioxidants, 
these were added by the rendering facility immediately prior to loadout using their standard 
protocols. After being received at the Iowa State University Nutrition Lab, products were 
vacuum sealed and stored at -20°C until the start of each experiment (beef products – 21 months, 
poultry – 14 months, fish – 12 months). In order to extrude protein meals, water was added as a 
plasticizer to facilitate flow through the extruder and prevent protein cross-links within the 
barrel. More water was added to blood meals as these contain a greater amount of amino acids 
that can generate protein cross-links (lysine and cystine), as well as great protein content. Blood 
meals were adjusted to 50% dry matter (DM; dry basis) while all other products were adjusted to 
60% dry matter (dry basis). Adjustments were made by determining the dry matter content, 
followed by the addition of ultra-filtered deionized water to reach the target DM and mixing for 
2 minutes. After adjusting DM, each product was split into 5 samples of approximately 2 kg 
each, resulting in 5 replicates (n=5) for each product. Approximately 100 g of moisture -balanced 
raw samples were analyzed for color, DM, and carbonyl content prior to extrusion. Each sample 
was then extruded using a 34 mm root diameter single screw Technochem (Boone, IA) mini 
extruder fitted with a 7.5 horsepower motor (Baldor Reliancer Super E, Fort Smith, AR) at full 
power (60 hertz) through a 4 mm die (Figure 5.1). During steady state, barrel temperature 
reached 101°C (Figure 5.2). During the extrusion of both bovine and poultry blood meal, protein 
cross-links were formed in the barrel due to insufficient water content, resulting in the extruder 
to cease. However, bovine and poultry blood meal were successfully processed through the 
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extruder by removing the die, thus decreasing the pressure inside the barrel. In doing so, these 
products still were exposed to shear and increased temperature. Following extrusion, all products 
were allowed to cool to 20°C before being freeze dried. After physical analysis, 200g of 
extrudate was ground through a 1 mm screen with a Wiley Mill (Variable Speed Digital ED-5 
Wiley Mill; Thomas Scientific, Swedesboro, NJ) prior to chemical analysis. A flow diagram of 
protein meals for this study is provided in Figure 5.3.  
Physical analyses   
Raw and extruded protein samples were then analyzed for color in triplicate and DM in 
duplicate. Additionally, extrudates were analyzed for pellet durability index (PDI), unit density 
(UD), and expansion ratio in all products except beef and poultry blood meal. Durability was 
analyzed in duplicate, while density and expansion ratio were analyzed in triplicate.  
Color was determined with a CR-410 chroma meter spectrophotometer having a 0° 
viewing angle, 50 mm aperture size, and a pulsed xenon lamp as the light source (Konica 
Minolta, Tokyo, Japan). L values refer to lightness, where 100 is white and 0 is black. Values for 
the a parameter refers to redness (100) and greenness (-100). The b parameter refers to 
yellowness (100) and blueness (-100). Change in color was calculated by subtracting color scores 
of raw protein meals from color scores of extruded products. Durability was measured according 
ASAE S269.5
25
 using a four compartment pellet durability tester (Seedburo Equipment 
Company, Des Plaines, IL). Extrudate was sieved through a no. 10 sieve (2 mm) before and after 
tumbling to remove small particles and values were calculated as the percent of final mass 
proportional to initial mass. Unit density of extrudates were determined as the ratio of mass to 
volume, assuming each was a cylindrical shape. 
25
 Expansion ratio was measured as the ratio of 
the diameter of the extrudate compared to the die opening (4mm).
26
 Measurements for UD and 
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expansion ratio were taken by digital calipers (model: 111857623, Fisher Scientific, Pittsburgh, 
PA) and values for each replicate were reported as the average 10 measurements. 
Chemical analyses   
Products were analyzed in duplicate for dry matter (AOAC 930.01)
27
, ash (AOAC 
942.05)
27
, crude protein by using a LECO Nitrogen Analyzer (AOAC 992.15)
27
, and lipid by 
acid hydrolyzed ether extract using a Soxtec 2055 solvent extraction system (AOAC 2003.06).
27
  
Values are reported on DM basis. Protein carbonyls were reported as nM of carbonyls per mg of 
protein. Carbonyl analysis was conducted in triplicate on raw samples after adjusting DM, and 
on extruded samples that were previously freeze dried, and ground through a 1mm screen with a 
Wiley Mill (Variable Speed Digital ED-5 Wiley Mill; Thomas Scientific, Swedesboro, NJ). To 
increase the solubility of proteins, 2 g of protein meal was dissolved in 50 ml of 5% w/v sodium 
dodecyl sulfate (SDS) by vortex and placing in hot water bath for 1 hour at 100°C 28. Samples 
were removed and immediately put on ice and vortexed followed by centrifugation for 10 min at 
3000 x g at 4°C to remove any remaining insoluble particles. This solution was then used for 
analysis following Levine et al.
29
 Percent change in carbonyls was determined by the difference 
between pre- and post-extrusion and dividing by pre-extrusion carbonyl content. Protein 
concentration was determined after the completion of the assay using biuret method
30
 and values 
of carbonyls were then corrected for protein by dividing concentration of carbonyls by protein 
concentration using the following equation. 
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Statistical Analysis 
Due to difference in adjusted dry matter and processing, blood meals were evaluated 
separate from meat meals. To characterize the difference in physical characteristics of extruded 
meat meals, traits were analyzed for the effect of product.  
In addition to comparing products, each protein meal was evaluated for the effect of 
antioxidant and/or extrusion within each protein meal. In samples that did not have antioxidants 
(bovine blood meal, poultry blood meal), products were analyzed for the effect of extrusion only 
within each product. Products that contained only synthetic antioxidants (beef meat and bone 
meal) were analyzed with a 2x2 factorial design, with the effects of extrusion and antioxidant 
within each product. Products that contained natural, synthetic, and no antioxidants (chicken by-
product, low ash chicken by-product meal, Alaska Pollock fish meal) were analyzed with a 2x3 
factorial design, with the effects of extrusion and antioxidant within each product. Results were 
analyzed by each individual product using the following model.  
<!"# = = + ?! + 7" + (7 × ?)!" + @!"# 
In this model, < is the observed value; = represents the overall mean; T is the ith level for 
the fixed effect of extrusion, (if a product contained variation in antioxidant) A is the jth level of 
the fixed effect of antioxidant, and eijk represents the random error associated with <!"# assuming 
that	~Ν(0, ΙE$%). Using a = 0.05, differences were considered significant if P-values ≤ 0.05, with 
P-value of 0.05 < P ≤ 0.10 considered trends. Data were analyzed as a completely random design 
using Proc MIXED procedure of SAS (version 9.4; SAS) with means reported using LSMEANS 
using a Tukey post-hoc test.  
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Results and Discussion 
Characterizing extruded protein meals 
Limited research is available on how rendered protein meals perform when extruded. 
These protein meals are typical ingredients in companion animal and aquaculture diets which are 
commonly extruded for many reasons including cost, adaptability, eliminating anti-nutritional 
factors, and increasing digestibility of carbohydrates.
4
 While most rendered products are 
produced in a similar manner, the composition of each product (Table 5.1) is unique, leading to 
differences in how each product may perform during processing. For example, beef meat and 
bone meal contains around 50% protein and 30% ash while beef and poultry blood meal are 
greater than 98% protein and less than 1% ash. Furthermore, beef meat and bone meal, chicken 
by-product, low ash chicken by-product, and fish meal contain between 8 – 13% lipid while 
blood meals contain less than 1%. As these differences could impact the physical characteristics 
and extent of protein oxidation, comparisons of physical traits were made between products.    
Low ash chicken by-product meal was lighter in color than any other product regardless 
of antioxidants (Table 5.2; P<0.0l). meat and bone meal was the least red (P<0.01) and least 
yellow (Table 5.2; P<0.01) compared to chicken by-product, low ash chicken by-product, and 
fish meal regardless of antioxidant. Chicken by-product meal with BHA/BHT, and mixed 
tocopherols had a greater a score than any other product (Table 5.2; P<0.0l). In regard to 
expansion, beef meat and bone meal had the greatest expansion ratio (Table 5.2; P<0.01). In 
fact, with an expansion ratio of 1.02, it was the only product to expand as all other products were 
less than 1 (Table 5.2). Low ash chicken by-product meal without antioxidants had the least 
expansion of any product (Table 5.2; P<0.01). Additionally, the unit density of beef meat and 
bone meal was also greater than all other products (P<0.01). The differences in color, density, 
and expansion were minimal in comparison to the degree of difference observed for durability. 
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While durability for all other products was greater than 95.16%, all three treatments of fish meal 
were significantly less ranging from 55.51 – 74.45% (Table 5.2; P<0.01).  
The physical characteristics of an ingredient gives manufacturers an understanding of 
how each of these protein sources may impact an extrudate. For example, if an aquaculture feed 
is able to float, it limits overfeeding, maintains water cleanliness, and allows for visual 
observations of feeding.
21
 Each of these rendered protein extrudates had a unit density less than 
water (1000 kg·m
-3
) suggesting that it would exhibit floating properties. Pellet durability is an 
indication of how well an extrudate will withstand handling and transport. Decreased durability 
can lead to decreased convenience, quality, and value as more feed is wasted in the form of fine 
particles.
31
 The decreased durability of fish meal compared to other products may suggest 
extrusion of fish meal lead to weaker protein interaction than other protein sources and warrants 
further investigation.  
The differences highlighted above reflect how the physical characteristics of extruded 
products differ. Table 5.3 details the comparisons between products of how color, dry matter, 
and carbonyl content changed as a result of extrusion. Low ash-chicken by-product without 
antioxidants and with BHA/BHT had the greatest increase in lightness as a result of extrusion 
(P<0.01). While all products decreased in redness, the a score for low ash chicken by-product 
with mixed tocopherols decreased more than any other product (P<0.01). Fish meal with mixed 
tocopherols changed the least in b score compared to any other product (P<0.01). In general, the 
increase in dry matter was similar for most products (Table 5.3). Low ash-chicken by-product 
with no antioxidants had a greater increase in carbonyl content than beef meat and bone meal 
with no antioxidants (P=0.05).  
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The differences in color and dry matter give a basic understanding of how these 
ingredients are altered during extrusion. Color change can be used as a tool to identify changes in 
formulation or quality characteristics such as digestibility, solubility, sulfhydryl groups, or 
formation of Maillard reaction products.
21–24
 These characteristics were not measured in this 
study. However, while all products decreased in a and b, some products increased in L score 
while others decreased. These changes in L could be indicative of changes during extrusion and 
may provide a tool to identify quality traits. Changes in dry matter as a result of extrusion were 
consistent among most products suggesting that these products experience similar cooking 
conditions during the extrusion process, resulting in similar moisture loss. As a result of 
extrusion, the change in carbonyls would indicate that low ash chicken by-product may be more 
susceptible to protein oxidation than beef meat and bone meal. One possibility as to why this is 
may be due to the amino acid profile of these ingredients. Lysine and arginine are the two amino 
acids that contribute the most to total carbonyls.
32
 The values for these amino acids in each 
product were pulled from NRC (2012) or from the manufacturers. Beef meat and bone meal 
contains less lysine (2.7 vs 4.0%) and arginine (3.7 vs 4.7%) than low ash chicken by-product 
meal.
33
 Furthermore, low ash chicken by-product meal contains more protein content than beef 
meat and bone meal (74.0 vs 52.7) which may also further contribute to an increased 
susceptibility to protein oxidation. These differences show that although these products are all 
produced in a similar way through rendering, each ingredient may perform differently and result 
in different physical characteristics of extrudate. 
Characterizing blood meal  
Beef blood meal was darker compared to poultry blood meal (Table 5.4; P>0.01). 
Alternatively, poultry blood meal was redder (P>0.01) and more yellow (P>0.01) than beef 
blood meal (Table 5.4). Further analysis was conducted to understand how the extrusion process 
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impacted the change in color as well as change in dry matter and carbonyl. Beef blood meal 
resulted in a greater increase for L (P>0.01), a (P>0.01), and b (P>0.01) scores (Table 5.5). No 
difference was observed for change in dry matter suggesting these products experienced similar 
conditions during the extrusion process (Table 5.5). Lastly, a greater increase in carbonyls was 
observed in poultry blood meal than beef blood meal (Table 5.5; P>0.01). This difference is 
unexpected as these two products are similar in lipid, protein, and ash composition (Table 5.1). 
One possibility for this difference in susceptibility is that the definition allows poultry blood to 
contain a slight amount of feathers that is unavoidably during manufacturing.
34
 As such, a small 
portion of feather may result in a higher sulfur containing amino acid content, which are highly 
susceptible to oxidation.
35
 Differences in protein aggregation due to processing may also impact 
the availability for reactive sites for oxidation. Although blood meal is similar in composition 
between beef and poultry origin (Table 5.1), slight differences in ash or amino acid profile may 
also contribute to the susceptibility and should be further investigated. 
When proteins are extruded, protein crosslinks first need to be broken down to increase 
the fluidity of the raw material in order to flow through the extruder.
20
 If covalent cross links 
formed by reactive side chains such as lysine and cystine are formed in the barrel of the extruder, 
the flow will decrease resulting in plasticization.
20
 Blood meal contains the greatest amount of 
lysine compared to any other natural protein meal
1
 and can easily form cross-links during 
extrusion. In this experiment, beef and poultry blood meal was unable to be extruded. However, 
when the die was removed from the end of the extruder, blood meal was capable of flowing 
through, while still imparting heat and shear to the product. Without the die in place, no pellet 
was formed and therefore we were unable to measure durability, density, and expansion. 
However, color, dry matter, and carbonyls content was still measured. 
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Antioxidant effect on physical characteristics within product 
It is unclear how the inclusion of various antioxidants would impact the physical 
characteristics of extruded protein meals. These results show that in general, antioxidants may 
impact color, UD, PDI and expansion ratio for most products. No differences were observed for 
density (P = 0.17), durability (P = 0.72), or expansion ratio (P = 0.51) in beef meat and bone 
meal without antioxidants compared to product treated with BHA/BHT (Table 5.6). This would 
suggest that in this product under these processing conditions, antioxidant inclusion did not alter 
these traits. 
 In the case of chicken by-product meal, product treated with BHA/BHT was less dense 
(P <0.01) and had a lower expansion ratio (P < 0.01) than product treated without antioxidants 
or with mixed tocopherols (Table 5.6). Furthermore, product treated with BHA/BHT tended to 
be less durable (P = 0.07) than product treated without antioxidants or with mixed tocopherols 
(Table 5.6).  
Within low ash chicken by-product meal, product with mixed tocopherols was denser (P 
<0.01), more durable (P <0.01), and had a greater expansion ratio (P <0.01) than product treated 
without antioxidants or treated with BHA/BHT (Table 5.6). In general, chicken by-product and 
low ash chicken by-product meal treated with mixed tocopherols resulted in greater density and 
expansion ratio compared to product treated with BHA/BHT. 
The inclusion of antioxidants did not alter the unit density(P =0.29) or expansion ratio (P 
=0.15) of extruded fish meal (Table 5.6). However, durability was considerably influenced with 
both antioxidant inclusions. Fish meal treated with ethoxyquin was the most durable with a value 
of 74.46%, while product without antioxidant was 67.73%, and product treated with mixed 
tocopherols had a durability of 55.52% (Table 5.6; P <0.01). 
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These effect of antioxidants on physical characteristics suggest that in some products, 
antioxidants can alter how products perform when extruded. As a result, manufacturers should 
consider how antioxidant inclusion will impact final product quality. For example, by knowing 
that inclusion of antioxidants in chicken protein meals may decrease unit density, this can aid 
manufacturers in producing a product that has the ability to float. This is important as 
aquaculture diets that float help limit overfeeding, maintain cleanliness, and allow for 
observation of feeding. Another consideration is that expansion of extrudate occurs when water 
is converted to steam upon exiting the extruder, thus expanding and forming air pockets. These 
air pockets can increase the surface area of an extrudate, increasing the interaction of lipids with 
oxygen, thus promoting oxidation of lipids.
4
 An increase in lipid oxidation can result in the 
formation of free radicals that can promote protein oxidation as well.
36
 The increase in surface 
area can also increase the interaction of proteins to oxygen which may also promote protein 
oxidation. The impact of expansion on protein oxidation has not been examined but may also 
impact protein oxidation. While most differences in durability due to inclusion and type of 
antioxidant among other products were minimal, the difference observed for fish meal durability 
could have major implications to product quality, especially during post extrusion handling. 
Lowered durability suggest a decrease in convenience, quality, and value as more feed is wasted 
in the form of fine particles.
31
 
During the extrusion process, proteins are denatured. This unfolding allows for more 
protein interactions, thus resulting in the opportunity for protein crosslinks.
4
 These interactions 
are a major factor in the expansion, density and durability of the final product. Results from this 
study show that antioxidants can result in changes in these characteristics possibly by altering the 
protein interactions. These results also suggest the impact antioxidants have on durability, 
 121 
density, and expansion is also dependent on the protein source. As seen in Table 5.1, these 
products vary in composition, especially in protein content. Furthermore, the amino acid profile 
of these ingredients is different, further impacting covalent cross-links, as well as hydrogen 
bonds, and hydrophobic interactions that stabilize the final product structure, impacting physical 
characteristics.
37
 As no previous research has examined the impact of antioxidants on extrusion 
of protein meals, the impact that antioxidants have on these protein interactions is still unclear. 
The inconsistencies in differences of physical characteristics are difficult to explain and warrant 
further research in how these compounds interact with proteins during extrusion 
Effect of extrusion and antioxidants on color  
Many color changes were observed as a result of extrusion (Table 5.7) and inclusion of 
antioxidant (Table 5.8). In fact, beef meat and bone meal was the only product that did not result 
in a change of L score as a result of extrusion (P = 0.45). A significant effect of antioxidant or 
extrusion was observed for L, a, and b  scores in all other meat meal products (Table 5.8). 
Similar to physical characteristics, these changes were inconsistent and depended on product. For 
example, chicken by-product meal was the only product to decrease in L score (P < 0.01) as a 
result of extrusion while beef meat and bone meal was unchanged (P=0.45), and low ash chicken 
by-product (P < 0.01) and fish meal (P < 0.01) decreased (Table 5.8). Additionally, all products 
decreased in redness and yellowness due to extrusion, except beef blood meal which increased in 
redness (P < 0.01) and yellowness (P < 0.01). Furthermore, low ash chicken by-product meal 
increased in redness (P < 0.01) and yellowness (P < 0.01) with the inclusion of mixed, yet fish 
meal decreased in redness (P < 0.01) and yellowness (P < 0.01) with the inclusion of mixed 
tocopherols (Table 5.8). These changes in color were dependent on product type, and no 
consistent trend was observed across all products. 
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Studies have used color as an indicator of quality.
21–24
 For example, color was found to 
be a good indicator of digestibility of lysine in extruded wheat distillers dried grains.
22
 A 
decrease in lightness occurs when darker color compound form through the browning process of 
Maillard reaction.
38
 The Maillard reaction also binds lysine with reducing sugars resulting in a 
decrease of available lysine.
38
 As a result, color can be used to estimate products of Maillard 
reaction and amino acid retention.
23
 Maillard reactions can also impact solubility, gelatinization, 
and sulfhydryl groups in extruded corn starch with whey protein, and as a result were found to be 
highly correlated to color.
24
 Results here show that color was impacted as a result of extrusion 
and antioxidant inclusion in most rendered meals. These results show promise that similar to 
other ingredients, color may be an indicator for various measures of rendered meals. However, 
since color changes were dependent on product, the use of color may only be specific to certain 
products with respect to its predictive capacity. 
Effect of extrusion and antioxidant on protein oxidation 
Extrusion is a high temp/short term process that has the potential to initiate free radical 
formation.
4
 These free radicals can then go on to attack proteins resulting in oxidative damage. 
Protein oxidation measured by carbonyls for blood meals is summarized in Table 5.7 while 
remaining products is summarized in Table 5.8. A significant antioxidant by extrusion effect was 
observed in low ash chicken by-product meal (P = 0.02). An increase in carbonyls was observed 
between pre- and post-extruded low ash chicken by-product meal without antioxidants or with 
BHA/BHT. However, no difference between pre- and post-extrusion was observed in low ash 
chicken by-product meal with mixed tocopherols. This is further supported in Table 5.9, where 
the percent change in carbonyls from pre- to post-extrusion was greater in low ash chicken by-
product treated with BHA/BHT than product treated with mixed tocopherols (P = 0.03). A main 
effect of extrusion was observed in poultry blood meal (P < 0.01), chicken by-product meal (P < 
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0.01), and low ash chicken by-product meal  (P < 0.01)  where post-extrusion was greater in 
carbonyls than pre-extrusion. Furthermore, an antioxidant effect was observed in chicken by-
product meal and low ash chicken by-product meal where product treated with mixed 
tocopherols resulted in less carbonyl formation compared to product treated without antioxidants 
or with BHA/BHT (P < 0.01). An antioxidant effect was also observed in fish meal where 
product treated with ethoxyquin resulted in less carbonyls compared to product treated without 
antioxidant or mixed tocopherols (P < 0.01).  
While some products increased in protein oxidation, no change in carbonyls was 
observed in others. This suggests that there are differences in susceptibility to protein oxidation 
among rendered protein meals. The products susceptible to lipid and protein oxidation are likely 
a result of different catalysts. For example, poultry blood meal contains greater levels of iron 
than other products. Heat during rendering as well as extrusion could denature hemoglobin and 
release iron. This free iron can then act as a catalyst to induce protein oxidation.
39
 It is also 
known that lipid oxidation products can induce protein oxidation.
36,40
 Chicken by-product meal 
and low ash chicken by-product meal contains 10 – 13% lipid that if oxidized, could lead to 
protein oxidation. Lipid is known to be susceptible to oxidation as a result of extrusion.
4
 In a 
study conducted on beef patties, greater lipid content caused a greater amount of protein 
oxidation.
41
 Similar studies have shown that when lipids become oxidized, they can initiate 
protein oxidation.
9
 Furthermore, the lipid composition from chicken would be predominantly 
unsaturated which further increases the susceptibility to oxididation.
42
  
Mixed tocopherols were found to be effective in limiting carbonyl formation in chicken 
by-product, and low ash chicken by-product meal while BHA/BHT was not effective. Some 
studies have found that tocopherols have a greater thermal stability than BHA/BHT.
43
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Additionally, BHA/BHT has been found to volatize at a lower temperature compared to 
tocopherols.
44
 Considering the process of extrusion reached 100 C, the increased thermal 
stability of tocopherols compared to BHA/BHT could explain why these were more effective 
during the extrusion process. In fish meal, tocopherols were not effective in limiting carbonyls 
formation. This could be a result of the reaction kinetics for tocopherols. In saturated lipids, free 
radicals favor reacting with tocopherols that are capable of stabilizing the free radical and 
terminating propagation.
45
 In an unsaturated lipid, such as that found in fish meal, free radicals 
attack fatty acid more readily than tocopherols.
45
 As a result of the decreased kinetics for 
tocopherols to quench free radicals, the effectiveness is reduced. This would explain why 
tocopherols were effective in chicken but not the more unsaturated fish meals. Ethoxyquin is 
considered the most effective antioxidant because as it accepts free radicals, it forms other 
compounds such as ethoxyquin dimer that also exhibit antioxidant properties.
46
 This increased 
capacity to quench free radicals could explain why it provided protection to protein oxidation in 
fish meal.
46
 As a result, extruded fish meal with ethoxyquin had less carbonyls than product 
treated without antioxidants or with natural antioxidants. Other factors such as the solubility, or 
hydrophobicity of the antioxidants could also impact the free radical scavenging capacity 
depending on the matrix. These antioxidants are designed to protect against lipid oxidation, and 
as such have a greater capacity to scavenge free radicals in a hydrophobic environment.
47
 Future 
work should investigate the antioxidant properties of these compounds as well as other against 
protein oxidation within a protein matrix. 
Carbonyl values of raw non-extruded rendered protein meals in this study ranged from 
9.1 to 26.7 nM/mg of protein. In general, the carbonyl values in this study are greater than 
carbonyl values reported in the literature for other protein ingredients. A study examining 
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myofibrillar, whey, or soy proteins showed baseline carbonyl values of 1.2, 2.0, and 6.4 nM/mg 
protein, respectively.
48
 The study by Feng et al. found that whey proteins exhibited a baseline 
carbonyl value of 1.7 nM carbonyls/mg protein,
49
 while Zhang et al. found that soy protein 
isolate had 7.1 nM carbonyl/mg protein.
50
 A separate study examining soy protein isolate did 
report a baseline carbonyl value of 15.1 nM carbonyls/mg of protein,
16
 within the range of 
carbonyl values reported for rendered protein meals in the current study. While carbonyl values 
can be affected by protein content and amino acid profile, it appears that rendered protein meals 
may have greater initial carbonyl content than myofibrillar or whey proteins. It should be taken 
into consideration when selecting ingredients for further processing, that rendered protein meals 
may have greater initial levels of protein oxidation. Increased protein oxidation can have 
negative implications on ingredient quality,
15,16
 and may contribute to functionality and extrudate 
quality. However, it is unknown how extrusion will impact protein oxidation and subsequent 
nutritional quality of feeds containing protein sources other than rendered meals. Therefore, 
more research is needed on how extrusion may impact protein oxidation from various protein 
sources. 
Physical characteristics determined here will provide manufacturers insight on how 
rendered meals perform during extrusion. Common antioxidants used in the rendering industry 
were also examined and were shown to impact physical characteristics. This would suggest that 
while these antioxidants are targeted mainly towards lipids, they may also impact protein 
interactions resulting in changes in physical characteristics. Interestingly, these changes were not 
consistent across all products. The influence of antioxidant inclusion on physical characteristics 
should be evaluated for each individual product as no generalizations can be made for all 
rendered products.  Furthermore, protein in poultry blood meal, chicken by-product, and low ash 
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chicken by-product meal were susceptible to carbonyl formation as a result of extrusion. 
However, mixed tocopherols show promise of limiting the extent of carbonyl formation in 
chicken by-product meal and low ash chicken by-product meal, while ethoxyquin is effective in 
fish meal. Since product and antioxidant inclusion can impact the chemical and physical 
characteristics, manufacturers need to consider these factors when formulating and production of 
extruded product. It is also important to consider that an extruded diet would consist of other 
ingredients, thus diluting the effects observed in this study.  
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Tables and Figures 
 
Table 5.1 Composition of unprocessed rendered meals on dry matter basis 
Product
1 
 DM, % Ash, % Protein, % Lipid, % 
Beef      
 Blood meal  97.2 1.2
 
98.1 0.7 
 Meat and bone meal  94.2 33.2 52.7 11.0 
Poultry      
 Blood meal  96.5
 
2.0
 
99.5
 
0.8 
 Chicken by-product  97.3 13.2 70.3 10.3 
 Low ash chicken by-product 
meal 
 98.9 8.2 74.0 13.4 
Fish      
 Fish Meal  96.9 19.9 71.4 8.3 
DM – Dry matter 
1
 Proteins were sourced from commercial renderers and did not contain antioxidants 
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Table 5.2 Physical characteristics of extruded rendered protein meals 
Product AOX 
 Color 
PDI, % 
Expansion 
Ratio 
UD, 
kg·m-3 Percent DM  L a b 
Beef meat and bone 
meal 
CON  38.03b 2.50d 7.92e  97.53ab  1.02a  941a  64.4bcd 
S  36.54b 2.64d 7.63e  97.34ab  1.02a  916a  64.3cd 
          
Chicken by-product 
CON  36.76b 4.52b 11.98abc  98.16a  0.96b  840bc  63.3d 
S  35.68
b 5.29a 11.83abc  97.22ab  0.93cde  733f  57.2e 
T  36.91
b 5.03a 12.07ab  97.98ab  0.97b  836bc  64.0d 
          
Low ash chicken by-
product meal 
CON  43.05a  4.15b 11.82abc  95.16d  0.92e  759ef  64.1d 
S  43.48
a 4.11b 11.41bc  95.73cd  0.92de  741f  63.6d 
T  42.95
a 4.32b 12.99a  96.84bc  0.95bc 847b  63.4d 
          
Alaskan pollock fish 
meal 
CON  35.93b 3.31c 9.80d  67.73f  0.93cd 771def  67.1a 
Eq  37.03
b 3.60c 10.74cd  55.51g  0.97b  799cde  65.7b 
T  35.69
b 3.24c 9.65d  74.45e  0.97b 804bcd  65.5bc 
          
SEM   0.53 0.09 0.26 0.44 0.01 15.05 0.29 
P-value   <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
AOX – antioxidant, PDI – pellet durability index, UD – unit density, DM- Dry matter, CON – no antioxidant, S – synthetic 
antioxidant (BHA/BHT), T – mixed tocopherols, Eq – Ethoxyquin, SEM – Standard error of the mean 
a-g Difference in superscripts indicate significant difference within column 
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Table 5.3 Change in color and dry matter from pre- to post-extruded rendered protein meals 
Product AOX 
 Color1 Percent 
change DM2 
Percent change 
in carbonyl3  L a b 
Beef meat and bone 
meal 
CON  0.87bc -1.73de -3.39cde 6.01abc -17.1b 
S  -2.90d -2.11ef -4.65e 5.50abc - 
        
Chicken by-product 
CON  -3.61d -1.05bc -3.68cde 4.05bc 52.6ab 
S  -2.17cd -0.66ab -2.36bc 3.93bc - 
T  -3.14d -1.26cd -3.73de 4.22bc - 
        
Low ash chicken by-
product meal 
CON  7.36a -1.98ef -2.48bcd 4.71abc 90.5a 
S  7.36a -2.34f -3.22cd 3.78c - 
T  3.12b -2.88g -3.59cde 4.30bc - 
        
Alaskan pollock fish 
meal 
CON  0.67bc -0.54a -1.23ab 5.83abc 50.4ab 
Eq  0.71bc -1.25cd -1.33ab 7.45a - 
T  2.96b -0.38a -0.15a 6.86ab - 
        
SEM   0.65 0.10 0.28 0.62 25.24 
P-value   <0.01 <0.01 <0.01 <0.01 0.05 
AOX – antioxidant, CON – no antioxidant, S – synthetic antioxidant (BHA/BHT), T – mixed tocopherols, Eq – 
Ethoxyquin, DM- dry matter, SEM – Standard error of the mean 
a-g Difference in superscripts indicate significant difference within column 
1Color scores are represented as numerical change 
2Change in DM is represented as a percent change 
3Change in carbonyls is represented as a percent change and is only reflected in products without antioxidants as differences 
in antioxidants and manufacturer may confound measure of carbonyls. 
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Table 5.4 Color and DM differences between extruded rendered blood meals 
Product 
 Color1 
Percent DM  L a b 
Beef blood meal  19.48b 4.59b 2.13b 52.8b 
Poultry blood meal  21.37a 6.52a 3.96a 57.9a 
      
SEM  0.10 0.14 0.07 0.17 
P-value  <0.01 <0.01 <0.01 <0.01 
DM- dry matter, SEM – Standard error of the mean 
a-b Difference in superscripts indicate significant difference between products 
1Color scores are represented as numerical change 
2Change in DM and carbonyl is represented as a percent change 
 
Table 5.5 Percent change from pre- to post-extruded rendered blood meals 
Product  Change Color1 Percent 
change DM2 
Percent change 
carbonyl2  L a b 
Beef blood meal  4.84a 0.82a 1.46a 4.54 -5.9b 
Poultry blood meal  2.14b -2.86b -0.43b 3.61 68.3a 
       
SEM  0.21 0.24 0.13 0.71 12.7 
P-value  <0.001 <0.001 <0.001 0.38 <0.01 
DM- dry matter, SEM – Standard error of the mean 
a-b Difference in superscripts indicate significant difference between products 
1Color scores are represented as numerical change 
2Change in DM and carbonyl is represented as a percent change 
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Table 5.6 Antioxidant effect on physical characteristics of extruded rendered by-products 
Trait  CON T BHA/ 
BHT 
Eq  AOX 
  SEM P- value 
Beef  meat and bone 
meal 
        
 UD,  kg·m-3  941 - 915 -  11.0 0.17 
 PDI, %  97.53 - 97.34 -  0.34 0.72 
 Expansion Ratio  1.02 - 1.02 -  0.01 0.51 
Chicken by-product 
meal 
        
 UD,  kg·m-3  840a 836a 733b -  15.5 <0.01 
 PDI, %  98.16 97.98 97.22 -  0.26 0.07 
 Expansion Ratio  0.96a 0.97a 0.93b -  0.01 <0.01 
Low ash chicken by-
product meal  
        
 UD,  kg·m-3  759b 847a 741b -  18.4 <0.01 
 PDI, %  95.16b 96.85a 95.73b -  0.27 <0.01 
 Expansion Ratio  0.91b 0.95a 0.92b -  0.01 <0.01 
Fish Meal         
 UD,  kg·m-3  771 804 - 799  14.9 0.29 
 PDI, %  67.73b 55.52c - 74.46a  0.69 <0.01 
 Expansion Ratio  0.94 0.97 - 0.97  0.01 0.15 
AOX – antioxidant, PDI – pellet durability index, UD – unit density, CON – no antioxidant, T 
– mixed tocopherols, S – synthetic antioxidant (BHA/BHT), Eq – Ethoxyquin, SEM – 
Standard error of the mean 
a-c Difference in superscripts indicate significant difference between antioxidant within product 
 
Table 5.7 Extrusion effect on color and protein oxidation measured by carbonyls in 
rendered blood meals containing no antioxidants 
Trait  Pre-
extrusion 
Post-
extrusion 
 Ext 
  SEM P- value 
L       
 Beef blood meal  14.64b 19.48a  0.09 <0.01 
 Poultry blood meal  19.53b 21.37a  0.16 <0.01 
a       
 Beef blood meal  3.77b 4.59a  0.21 0.03 
 Poultry blood meal  9.38a 6.52b  0.16 <0.01 
b       
 Beef blood meal  0.67b 2.13a  0.10 <0.01 
 Poultry blood meal  4.39a 3.96b  0.09 0.02 
Carbonyl, nM/mg       
 Beef blood meal  10.33 9.55  0.60 0.41 
 Poultry blood meal  26.72b 44.68a  2.63 <0.01 
Ext – extrusion, SEM – Standard error of the mean 
a-b Difference in superscripts indicate significant difference between pre- and post-
extrusion within product 
 
 
136 
 
Table 5.8 Extrusion and antioxidant effect on color and protein oxidation measured by carbonyls in rendered by-products 
Trait 
 Pre-extrusion  Post-extrusion   P- value 
 CON T S Eq  CON T S Eq  SEM AOX Ext A*E 
Beef  meat and bone 
meal 
 
 
 
 
 
  
 
 
 
     
 L  37.15b - 39.44a -  38.03ab - 36.54b -  0.72 0.07 0.45 <0.01 
 a  4.22b - 4.75a -  2.50c - 2.64c -  0.11 <0.01 <0.01 0.03 
 b  11.32b - 12.28a -  7.92c - 7.63c -  0.24 <0.01 0.09 <0.01 
 Carbonyl, nM/mg  11.77 - 9.25 -  8.62 - 9.35 -  1.01 0.16 0.39 0.13 
Chicken by-product 
meal 
 
 
 
 
 
  
 
  
 
     
 L  40.40 40.06 37.85 -  36.76 36.91 35.68 -  0.41 <0.01 <0.01 0.20 
 a  5.57bc 6.29a 5.95ab -  4.52e 5.03d 5.29cd -  0.09 <0.01 <0.01 0.01 
 b  15.66a 15.80a 14.18b -  11.98c 12.07c 11.83c -  0.26 <0.01 <0.01 0.02 
 Carbonyl, nM/mg  15.81 10.70 11.64 -  23.54 15.99 20.82 -  2.02 <0.01 <0.01 0.60 
Low ash chicken by-
product meal  
 
 
 
 
 
  
 
 
 
     
 L  35.69c 39.84b 36.12c -  43.05a 42.95a 43.48a -  0.43 <0.01 <0.01 <0.01 
 a  6.13c 7.19a 6.44b -  4.15d 4.32d 4.11d -  0.07 <0.01 <0.01 <0.01 
 b  14.61b 16.58a 14.64b -  11.82d 12.99c 11.41d -  0.21 <0.01 <0.01 0.04 
 Carbonyl, nM/mg  13.71b 9.89b 9.11b -  25.83a 13.62b 21.91a -  1.57 <0.01 <0.01 0.02 
Fish Meal                
 L  35.27 32.73 - 36.32  35.93 35.69 - 37.03  0.59 <0.01 <0.01 0.11 
 a  3.85b 3.62bc - 4.85a  3.31cd 3.24d - 3.60bc  0.08 <0.01 <0.01 <0.01 
 b  11.02b 9.81cd - 12.06a  9.80cd 9.65d - 10.73bc  0.23 <0.01 <0.01 0.04 
 Carbonyl, nM/mg  13.58 11.59 - 12.20  18.75 17.44 - 14.29  1.46 <0.01 0.16 0.40 
Pre – pre-extrusion, Post – post-extrusion, CON – no antioxidant,   S – synthetic antioxidant (BHA/BHT), Eq - Ethoxyquin , T – Mixed 
tocopherols, EXT – extrusion, AOX – antioxidant, A*E – interaction of antioxidant by extrusion,  SEM – Standard error of the mean 
a-d Difference in superscripts indicate significant antioxidant by extrusion interaction within product. 
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Table 5.9 Percent change in carbonyls from pre- to post extrusion in rendered by-
products without, or with antioxidants 
Trait  Percent change in carbonyls  AOX 
 CON S Eq T  SEM P- value  
Beef  meat and bone 
meal 
 -17.1 1.0 - -  14.78 0.41 
Chicken by-product 
meal 
 52.6 80.7  - 58.0  23.29 0.67 
Low ash chicken by-
product meal  
 90.5ab 144.0a - 40.3b  23.72 0.03 
Fish Meal 
 
 50.4 - 17.8 61.5  24.40 0.44 
CON – no antioxidant,  S – synthetic antioxidant (BHA/BHT), Eq - Ethoxyquin , T – Mixed 
tocopherols, AOX – antioxidant 
a-d Difference in superscripts indicate significant antioxidant effect within product. 
x-y Difference in superscripts indicate significant between products containing no 
antioxidant. 
 
 
 
 
Figure 5.1 Depiction of flighting on extruder screw 
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Figure 5.2 Thermal image of extruder barrel during processing of rendered by-product meals 
 
 
Figure 5.3 Process flow diagram of protein meals 
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Abstract 
Rendered products from the meat industry can provide economical quality sources of 
proteins to the animal and feed industry. Similar to lipids, rendered proteins are susceptible to 
oxidation, yet the stability of these proteins is unclear. In addition, interest in understanding how 
oxidative stress can impact efficiency in production animals is increasing. Recent studies show 
that consumption of oxidized lipids can lead to a change in oxidative status of the animal, as well 
as decreases in production efficiency. To date, little is known about how consumption of 
oxidized proteins impacts oxidative status and growth performance. The objectives of this study 
were to determine if feeding diets high in oxidized protein to growing pigs would: 1) impact 
growth performance, and 2) induce oxidative stress. Thirty pigs (42 d old initial body weight 
(BW) 12.49   1.45 kg) were randomly assigned to 1 of 3 dietary treatments with increasing 
levels of oxidized protein. Spray dried bovine plasma was used as the protein source and was 
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either unheated upon arrival, heated at 45°C for 4  d, or heated at 100°C for 3 d. Diets were fed 
for 19 d and growth performance was measured. Blood plasma (d 0 and 18), jejunum, colon, and 
liver tissues (d 19) were collected to analyze for markers of oxidative stress (e.g., protein 
oxidation, lipid oxidation, DNA damage, and glutathione peroxidase activity). Average daily 
gain (ADG; P < 0.01) and average daily feed intake (ADFI; P < 0.01) had a positive linear 
relationship to increased protein oxidation, but there was no effect on gain to feed ratio (GF). 
Furthermore, protein (P = 0.03) and fat (P < 0.01) digestibility were reduced with increased 
protein oxidation in the diet. Crypt depth showed a positive linear relationship with dietary 
protein oxidation levels (P = 0.02). A trend was observed in liver samples where pigs fed the 
plasma heated to 45°C had increased lipid oxidation compared to pigs fed the plasma either 
unheated or heated to 100°C (P = 0.09). DNA damage in the jejunum tended to have a linear 
relationship with dietary protein oxidation level (P = 0.07). Even though results suggest dietary 
oxidized protein did not induce oxidative stress during short-term feeding, differences in 
performance, gut morphology, and digestibility are likely a result of reduced protein availability. 
Keywords: digestibility, growth, oxidative stress, protein oxidation, pigs.  
 
Introduction 
Oxidative stress has implications for the health of both animals and humans. Oxidative 
stress is defined as an imbalance between pro-oxidants and antioxidants (Berlett and Stadtman, 
1997). Within an organism, this imbalance can cause oxidation and damage of lipids, proteins, 
and DNA. In livestock species, oxidative stress can impact efficiency of growth and therefore 
production costs (Dibner et al., 1996; DeRouchey et al., 2004). In companion animals or humans 
where longevity is the overall goal, oxidative stress can lead to certain health issues. For 
example, in humans, it is believed that protein oxidation plays a part in certain age-related 
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diseases such as Alzheimer’s disease, Parkinson’s disease, inflammatory bowel disease, 
muscular dystrophy, and diabetes (Estévez and Luna, 2017). 
 From a nutritional aspect, the consumption of oxidized products, could further 
damage lipids, proteins, or DNA, resulting in an increase of oxidative stress. Primarily because 
of  potential objectionable odors associated with oxidized lipids, these sources are commonly 
treated with antioxidants. However, protein sources are commonly thought to be relatively stable 
to oxidation. It is known, however, that when exposed to heat, proteins can oxidize and create 
reactive oxygen species (ROS) as do lipids (Roldan et al., 2014; Feng et al., 2015; Zhang et al., 
2017). These ROS are small molecules such as superoxide ion, peroxide, hydroxyl radical, or 
hydroxyl ion, that can cause further oxidation of proteins, lipids, or DNA. 
Research in nutrition has primarily focused on dietary lipid oxidation in livestock species 
(Boler et al., 2012; Lindblom et al., 2017). Since proteins can be oxidized to form free radicals 
and initiate oxidative stress, it is hypothesized that dietary oxidized protein can initiate oxidative 
stress similar to oxidized lipids. Rendered protein sources are widely used in both the livestock 
and companion animal feeds due to their high protein content and relatively low cost. Through 
the rendering process, these proteins are concentrated while being exposed to grinding and to 
high temperatures (i.e.< 115ºC; Anderson, 2006), all which can accelerate protein oxidation. 
Additionally, these ingredients are stored in a non-thermally controlled environment, potentially 
leading to oxidation of proteins. Rendered protein sources, therefore, are an ingredient category 
of interest and a potential model to understand dietary sources of oxidized protein. Therefore, the 
objectives of this study were to determine if feeding diets containing oxidized protein to growing 
pigs would: 1) result in reduction of growth performance, and 2) induce oxidative stress. 
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Materials and Methods 
The protocol for this experiment was reviewed and approved by The Institutional Animal 
Care and Use Committee at Iowa State University (Ames, IA). 
Animal and housing 
Thirty female pigs (42 d old) with an average initial body weight (BW) of 12.49   1.45 
kg were individually housed in raised pens at the Swine Nutrition Farm at Iowa State University 
(Ames, IA) for 19 d. Pens allowed for free movement and provided individual feeders and water. 
Each pig was assigned to one of three dietary treatments and allowed ad libitum access to feed 
and water. 
Diets and feeding 
A basal diet consisting of corn, soybean meal, and spray dried bovine plasma (10% 
inclusion) from a commercial source (APC Inc., Ankeny, IA) was formulated to meet NRC 
(2012) energy and nutrient requirements. Spray dried bovine plasma was chosen as the main 
protein source due to its high protein content (84%) as well as very low lipid content (0.5%), 
thus allowing for minimal contribution to oxidation from lipid sources when heated. Two 
additional diets also containing 10% bovine plasma that had been previously exposed to heat 
treatment (45°C for 4 d or 100°C for 3 d) were also formulated (Table 6.1). Spray dried bovine 
plasma across all treatments originated from the same production lot. Heating at 45° C for 4 d 
was to simulate the maximum plausible temperature these feed ingredients could be exposed to 
during storage. This could be in the heat of summer, being stored in a silo or on a rail car before 
being mixed into a diet. Heating at 100° C for 3 d was to induce as much protein oxidation as 
possible while still maintaining the solubility of the plasma. Spray dried bovine plasma had little 
impact on the overall lipid oxidation of diets because lipid originating from the plasma would be 
minimal (0.5%). This is important because dietary oxidized lipids have been shown to impart 
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damaging effects on growth performance and induce oxidative stress (Dibner et al., 1996; 
DeRouchey et al., 2004; Boler et al., 2012; Liu et al., 2014; Rosero et al., 2015; Lindblom et al., 
2017). By selecting a protein source with minimal levels of lipids (0.5 %), the effect of protein 
oxidation with minimal effect of lipid oxidation could be evaluated. 
 When proteins become oxidized, they can further oxidize lipids and vice versa (Nielsen 
et al., 1985). This synergistic effect should be considered when evaluating data or studies 
examining oxidation in the diet. Consequently, it should be expected that when either lipid or 
protein oxidation is present, the other can also be impacted (Nielsen et al., 1985). Other factors in 
the diet can act as antioxidants such as vitamin E. To reduce the antioxidant impact on the 
overall diet in the current experiment, vitamin E levels for all dietary treatments were formulated 
only to NRC (2012) requirements.  
Vitamins and minerals were included in concentrations that met or exceeded the 
requirement for growing pigs, no antioxidants were included in diet formulation. Titanium 
dioxide was added as an indigestible marker to diets to allow for apparent total tract digestibility 
calculation using a grab-sample fecal collection. After mixing, feed was stored at 20°C until fed.  
Sample collection 
Pig and feeder weights were recorded on d 0 and 19 to determine growth performance 
data. Feces were collected on d 15 to 19, pooled, and stored at -20°C until freeze dried. Fecal 
samples were subsequently ground through a 1-mm screen prior to analysis. Blood (15 mL) was 
collected via jugular venipuncture on d 0 and 18. After collection, vials were centrifuged at 1000 
× g for 10 min at 4°C. Plasma was collected and stored at -80°C for further analysis. On d 19, 
pigs were euthanized by captive bolt followed by exsanguination for harvesting of various 
tissues. Liver, jejunum, and colon were washed with phosphate buffered saline (PBS), snap 
frozen in liquid nitrogen, and stored at -80°C until further analysis. Jejunum samples were placed 
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in 10% w/v formalin to be stained with hematoxylin and eosin at Iowa State University 
Veterinary Diagnostic Laboratory (ISUVDL, Ames, IA). The resulting slides were analyzed for 
crypt depth and villi height (OLYMPUS BX 53/43 microscope with an attached DP80 Olympus 
camera, Waltham, MA). Fifteen villus and crypt pairs with proper orientation were measured per 
pig (OLYMPUS cellSens Dimension 1.16 software), averaged, and reported as 1 value per pig. 
Chemical analysis  
Ingredient, diets, and fecal samples were analyzed in duplicate for DM (AOAC 930.01), 
ash (AOAC 942.05), CP (AOAC 992.15), acid hydrolyzed ether extract (AOAC 2003.06). Gross 
energy was determined using a bomb calorimeter (model 6200; Parr Instrument Co., Moline, IL) 
with benzoic acid (6,318 kcal GE/kg; Parr Instrument Co.) for calibration. Diets and spray dried 
plasma were analyzed for carbonyls by solubilizing 1 g of sample in 50 ml of 5% w/v sodium 
dodecyl sulfate (Soglia et al., 2016) followed by centrifugation for 10 min at 3000 x g at 4°C to 
remove any remaining insoluble particles. This solution was used to analyze for carbonyls 
(Levine et al., 1990). 
Oxidative stress assays 
Tissue and blood plasma samples were analyzed for carbonyls (protein oxidation), 
thiobarbituric acid reactive substances (TBARS; lipid oxidation), 8-OH-2-deoxyguanosine 
(DNA damage), and glutathione peroxidase (GPx) activity (antioxidant enzyme). Kits for 
TBARS, 8-OH-2- deoxyguanosine, and GPx activity were obtained from a commercial company 
(Cayman Chemical, Ann Arbor, MI) and performed according to manufacturer’s instructions. 
Blood plasma at d 0 and 18, along with jejunum, colon, and liver samples were analyzed 
for carbonyls following a modified protocol (Levine et al., 1990). A 300 mg sample of tissue was 
first rinsed with PBS solution then homogenized in 2 mL of 50 mM phosphate buffer, 1mM 
EDTA, pH 6.7. After, samples were centrifuged at 10,000 × g for 15 min at 4° C, supernatant 
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and blood plasma was collected and stored at -80° C until analyzed. Supernatant or blood plasma 
was thawed and 200 µL was transferred to a 2 mL microtube with 800 µL of 10mM DNPH in 
2.5M HCl. A duplicate sample where DNPH was replaced with 2.5 M HCl was run to 
standardize for final protein. Both tubes were incubated and vortexed every 15 min at 20° C in 
the dark for 1 h. One mL of 20% trichloroacetic acid was added to each tube, then vortexed and 
placed on ice for 5 min. Tubes were centrifuged at 10,000 × g for 10 min at 4° C. Once the 
supernatant was discarded, the pellet was resuspended in 1 mL of 10% trichloroacetic acid. 
Tubes were again centrifuged at 10,000 × g for 10 min at 4° C, the supernatant was discarded, 
and the pellet was resuspended in a 1:1 solution of ethanol: ethyl acetate. Tubes were centrifuged 
and washed with ethanol:ethyl acetate solution again then resuspended in 500 µL 6M Guanidine 
HCl. After the pellet was fully dissolved, samples with DNPH were read at 365 nm, and the 
protein concentration was determined on corresponding tubes without DNPH. Values of 
carbonyls were then corrected for protein by dividing concentration of carbonyls by protein 
concentration using the following equation. 
!"##$%&$'	%)#*"+,-	 .
+/"-
/0 1 = 	
!)#*"+,-	%"+%$+&#)&3"+	 4+/"-/- 5
6#"&$3+	%"+%$+&#)&3"+	 4/0/- 5
 
The TBARS assay was performed on jejunum and liver tissues. Samples were prepared 
according to manufacturer’s instructions by sonicating a 25 mg sample of tissue in a 1.5 mL 
centrifuge tube with 250 µL of RIPA buffer containing 1mM EDTA. Samples were then 
centrifuged at 1,600 × g for 10 min at 4° C. Supernatant was collected and stored at -80° C until 
assay. The assay was conducted following manufacturer’s instructions using a colorimetric 
procedure (Cayman Chemical, Ann Arbor, MI). 
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The 8-OH-2-deoxyguanosine assay was performed on jejunum, colon, and liver samples. 
Sample preparation was performed according to manufacturer’s instructions (Cayman Chemical, 
Ann Arbor, MI). A 1 g sample of tissues were first homogenized in 5 mL of 0.1M phosphate 
buffer, pH 7.4 with 1 mM EDTA. Samples were then centrifuged at 1,000 × g for 10 min at 4° C. 
Supernatant was collected and stored at -80° C. DNA was then purified using a commercial kit 
(Qiagen DNeasy kit,Venlo, Netherlands). First 200 µL of thawed sample was added to a 1.5 mL 
centrifuge tube with 20 µL protease K. The solution was used to purify DNA following 
manufacturer’s instruction. After repeating elution of spin column, 10 µL of nuclease P1 was 
added to each sample of 400 µL. Nuclease P1 was prepared by adding 1.4 ml of 20 mM sodium 
acetate, 5 mM ZnCl, 50 mM NaCl, pH 5.3 solution to 1.4 mg of lyophilized powder enzyme. 
This solution containing 1 mg/ml of enzyme was diluted 1:20 to achieve a finial dilution of 50 
µg/ml. The sample solution was adjusted to a pH of 8.0 using 1 M tris, then incubated at 37° C 
for 10 min. Next, 10 µL of alkaline phosphatase was added to each tube then incubated for 
another 30 min at 37° C. Samples were then boiled for 10 min. This sample solution was then 
used following the manufacturer’s instructions to determine the 8-OH-2- deoxyguanosine 
content of each sample. 
Glutathione peroxidase activity was measured in both plasma and jejunum samples. To 
prepare jejunum samples, 1 g of tissue was washed with PBS then homogenized in 5 mL of 50 
mM tris-HCL pH 7.5, 5mM EDTA, 1 mM DTT. Samples were then centrifuged at 10,000 × g 
for 15 min at 4° C. The supernatant was collected and stored at -80° C until assayed. Following 
thawing, the assay was conducted following the manufacturer’s instructions (Cayman Chemical, 
Ann Arbor, MI). 
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Calculations and Statistical Analysis 
After chemical analyses were completed on diets and fecal samples, digestibility was 
calculated. This was accomplished by correcting the difference in output from input with the 
increase in TiO2 concentration. The following equation was used for the calculation of 
digestibility. 
%	Digestibility = 100 − D100 ×	F
TiO!(#$%&)
TiO!((%)%*)
I × F
Nutrient((%)%*)
Nutrient(#$%&)
IN 
Pigs were randomly assigned to one of the three dietary treatment (n = 10 pigs per 
treatment), resulting in 30 pigs total. Pigs were individually housed and fed, resulting in pig 
being the experimental unit. Therefore, a completely randomized design was used to analyze 
data. Data were analyzed as completely random design using Proc GLM procedure of SAS 
(version 9.4; SAS) with means reported using LSMEANS using a Tukey post hoc test to 
compare means. Additionally, an unprotected F-test was used with contrast statements to analyze 
for linear relationship between response variables with carbonyl values in the diet. P-values ≤ 
0.05 were considered significantly different, with P-value of 0.05 ≤ P ≤ 0.10 considered trends. 
 
Results and Discussion 
Diets and Composition 
To achieve differences in protein oxidation levels, the spray dried bovine plasma was 
unheated or heated at either 45° C for 4 d or 100° C for 3 d. The process of heating the spray 
dried plasma resulted in carbonyl values of 2.7, 5.2, and 8.1 nM carbonyl/mg of protein for the 
20°, 45°, and 100° C processed spray dried plasma, respectively (Table 6.1). Final mixed diets 
contained 6.1, 7.3 and 13.5 nM of carbonyl/mg of protein in 20°, 45°, and 100° C treatments, 
respectively. It is assumed that due to the low lipid content of spray dried plasma, extremely 
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limited products of lipid oxidation were included in the diet. Additionally, mixed diets were only 
stored 1 d prior to the start of the study. This short storage time also limited the extent for protein 
oxidation in the spray dried plasma to initiate lipid oxidation in the diet. Therefore, lipid 
oxidation in the diet was not quantified. We acknowledge that products of protein oxidation may 
initiate lipid oxidation. However, due to the low lipid content of spray dried plasma as well as 
the short time period between heating and feeding, the likelihood of this occurring is low and 
would have minimal impacts on the extent of lipid oxidation in the diet.  
Growth performance and gut morphology 
One potential outcome of animals consuming dietary oxidized proteins in their diet is an 
induction of oxidative stress. With respect to livestock species, the increase in oxidative status 
can impact production efficiency, thus growth performance data were collected in the current 
study, even though pigs were housed individually. Over the 19 d trial, a significant positive 
linear relationship (Table 6.2) between protein oxidation in the diet and average daily gain 
(ADG) was observed (P < 0.01). A similar positive linear relationship was also observed 
between protein oxidation in the diet and average daily feed intake (ADFI; P < 0.01). However, 
no difference for gain to feed ratio (GF) was noted (P = 0.87). This is consistent with findings 
from other studies where no difference was detected for feed efficiency in broiler chickens fed 
oxidized soy protein isolate (Wu et al., 2014; Chen et al., 2015) or pigs fed oxidized lipids 
(DeRouchey et al., 2004; Boler et al., 2012; Liu et al., 2014; Rosero et al., 2015). However, 
poultry appear to be more susceptible to the effects of oxidation. Studies examining the effect of 
dietary lipid oxidation on poultry have observed a decrease in feed efficiency as dietary lipid 
oxidation increased (Takahashi and Akiba, 1999; Tavarez et al., 2011). Contrary to the current 
study where pigs fed oxidized spray dried plasma had increased ADG and ADFI, other studies 
have not observed differences in ADG or ADFI when pigs were fed oxidized lipids (Boler et al., 
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2012; Wu et al., 2014). ADG and ADFI has been shown to decrease in pigs fed diets with greater 
concentrations of oxidized lipids (DeRouchey et al., 2004; Liu et al., 2014; Chen et al., 2015; 
Rosero et al., 2015). Reduced ADFI when feeding oxidized lipids is likely due to decreased 
palatability (Rosero et al., 2015). This, in conjunction with decreased digestibility would result in 
reduced ADG. However, in the current study, lipid oxidation was minimized thus palatability 
was likely not a factor. It is understood that pigs will consume to meet their energy requirement 
(Patience et al., 2015). In this study, even though gross energy digestibility was not impacted, 
reduced digestibility of protein could result in decreased net energy, thus resulting in the 
increased ADFI and subsequent ADG.  
In examining histology samples from the jejunum (Table 6.3), a linear relationship was 
observed for deeper crypt depths (P = 0.02) with increased oxidation. Previously Rosero et al. 
(2015) reported that villus height and crypt depth increase in pigs consuming oxidized lipids for 
35 d. Additionally, as peroxidation in the diet increased, abortive capacity measured by mannitol 
and D-xylose decrease, while lipid damage in the jejunum measured by MDA concentration 
increased (Rosero et al., 2015). It was proposed that lipid oxidation stimulated enterocyte 
proliferation as a result of oxidative stress in the small intestine, thus leading to changes in 
morphology (Rosero et al., 2015). However, in the current study no significant difference in 
oxidative status of the jejunum existed. Therefore, based on our results of this short term feeding 
trial, it is suggested that the observed trend for greater surface area is result of the body 
responding to a decrease in protein and lipid apparent total tract digestibility in order to capture 
more nutrients.  
Digestibility 
Results for apparent total tract digestibility of DM, ash, crude protein, gross energy, and 
lipid are summarized in Table 6.4. Protein digestibility had a negative linear relationship to 
 
 
150 
carbonyl levels in the diet (P = 0.03). Additionally, fat digestibility also had a negative linear 
relationship to carbonyl levels in the diet (P < 0.01).  
In examining the effect of dietary oxidized protein on digestibility, Chen et al. (2015) 
concluded that as feed became more oxidized, DM, protein, and lipid digestibility all decreased. 
In general, the results are consistent with the data reported herein comparing increased oxidation 
treatments with digestibility. It appears that in general, as feeds increase in the content of 
oxidized protein, there is a reduction in available nutrients, such as lipids, and protein. It has 
been shown that as proteins become oxidized, structural changes occur increasing their 
aggregation (Promeyrat et al., 2010). Furthermore, it has been proposed that oxidation of 
proteins decreases their susceptibility to proteolysis, again resulting in decreased digestibility 
(Sante-Lhoutellier et al., 2007; Wu et al., 2014) This reduction in protein and lipid digestibility 
could explain an observed increase in surface area of the jejunum. As less proteins and lipids are 
absorbed, the gastrointestinal tract responds by increasing the surface area in order to capture 
more nutrients. Furthermore, the reduction in protein and lipid digestibility may contribute to the 
increase in intake as the pig consumes more to meet their energy requirement (Patience et al., 
2015). 
Measures of oxidative stress 
Markers of oxidative stress were analyzed to observe damage to lipids, protein, and DNA 
as well as antioxidant enzyme activity in tissues and blood plasma as due to increased intake of 
oxidized proteins (Table 6.5). Plasma was collected at d 0 for baseline levels and was analyzed 
for carbonyls. Values of 2.25, 1.88, and 1.89 nmol of carbonyls/mg of protein in 20°, 45°, and 
100° C treatments respectively, were observed. These blood plasma carbonyl values did not have 
any significate relationship to diet carbonyl values (P = 0.56). After 18 d, these blood plasma 
carbonyl values increased to 3.18, 3.02, and 3.07 for 20°, 45°, and 100° C treatments 
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respectively. These values were found to not have any relationship to diet carbonyl levels (P = 
0.94). Additionally, the change from baseline values of carbonyl concentration in the blood 
plasma for pigs fed plasma unheated, heated to 45°C, and heated to 100ºC was non-significant. 
No significant results were observed in the plasma suggesting either products of oxidation are 
not stored in the plasma, or that sufficient antioxidant capacity was available to clear the 
products of oxidation. 
In the jejunum, no relationship between diet carbonyl values and TBARS, carbonyls, or 
GPx activity (P ≥ 0.29) was observed. When analyzed as a linear contrast with diet carbonyl 
values, a positive linear trend was observed for DNA damage in the jejunum (P = 0.07). As the 
main site of protein absorption, it would be expected that jejunum would have the greatest 
exposure to dietary oxidized protein. However, these results suggest that either oxidized products 
did not have an effect on the tissue, or it had enough antioxidant capacity to maintain 
homeostasis during this relatively short feeding period. 
In colon tissue, there was no relationship between oxidation in the diet, colon carbonyls 
and DNA damage in the colon (P ≥ 0.36).  It was hypothesized that as a result of the oxidized 
protein being less digestible, the pro-oxidants would pass the small intestine and accumulate in 
the large intestine. However, these results suggest that even though dietary oxidized protein is 
less digestible, this did not result in an increase in oxidative status in the colon. It is possible that 
end products of protein oxidation do not impact the oxidative status of tissues during this short 
trial. Furthermore, oxidized products may be utilized by microbes in the large intestine therefore 
limiting the tissues’ exposure.  
Liver samples from pigs fed diets containing plasma heated to 45°C had a tendency for 
increased lipid oxidation compared to pigs fed the plasma either unheated or heated to 100°C (P 
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= 0.09). For carbonyls in the liver, no relationship was observed with diet carbonyls (P = 0.37). 
Additionally, no relationship was observed for DNA damage in the liver (P = 0.15). 
In summary, during this short feeding trial, no difference was observed in DNA damage, 
lipid damage, or antioxidant enzyme activity in the plasma, colon, or liver. Results from this 
study indicate that dietary oxidized protein did not induce oxidative stress. However, crypt depth 
increased with increased inclusion of oxidized protein in the diet, resulting in a greater surface 
area. This could have been a response to decreased protein and lipid digestibility. Additionally, 
pigs fed diets with increased inclusion of oxidized protein in the diet consumed more and gained 
more per day, but the feed efficiency was unaffected.  
 
Conclusion 
Dietary oxidized protein in the form of heated spray dried plasma fed during a short 
feeding period did not induce oxidative status in key tissues of pigs fed those diets. However, 
oxidation of proteins is known to increase the aggregation and oxidative modification of amino 
acids and this could impact digestibility. This study did observe decreased protein digestibility, 
and changes in gut morphology and increased ADFI and ADG. While spray dried plasma is 
produced under mild conditions that would not induce large amounts of protein oxidation, other 
protein sources that undergo extreme temperatures during processing or storage have the 
potential to have much greater levels of protein oxidation. This leads to the need to understand 
the potential impact of oxidation on other protein sources. Additionally, most protein sources 
would be fed for the duration of the animal’s lifespan, not just the very short period used here. 
While this study showed the response in growing pigs to a very short-term exposure (19 d) to 
dietary oxidized protein, future research investigating the long-term effects of the consumption 
of these products is warranted. 
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Tables 
Table 6.1 Diet formulation, and analyzed composition of diets, DM basis 
  Treatment1 
 20° C 45° C 100° C 
Diet formulation     
 Corn  79.2 79.2 79.2 
 Soybean meal  8.2 8.2 8.2 
 Bovine spray dried plasma  8.5 8.5 8.5 
 Soybean oil  1.8 1.8 1.8 
 Limestone  1.2 1.2 1.2 
 DL-Methionine  0.11 0.11 0.11 
 L-Lysine·HCl  0.22 0.22 0.22 
 Mineral premix2  0.14 0.14 0.14 
 Vitamin premix2  0.06 0.06 0.06 
 Titanium dioxide4  0.44 0.44 0.44 
Analyzed Composition     
 DM %  86.9 86.8 87.2 
 Ash %  4.7 4.4 4.6 
 Protein %  23.5 22.1 22.5 
 Gross Energy %  4,562 4,570 4,564 
 Fat %  6.1 4.9 4.6 
 Carbonyl in spray dried 
plasma5 (nmol/mg) 
 2.7 5.2 8.1 
 Carbonyl in final mixed diet5 
(nmol/mg) 
 6.2 7.3 13.5 
1 Difference in dietary treatments were created by either no heat treatment to spray 
dried bovine plasma (20°C), heating plasma at 45°C for 3 d (45°C) or heating at 
100°C for 3 d (100°C). 
2Mineral premix supplied per kg of complete diet: 9 ppm Cu, 120 ppm Fe, 120 ppm 
Zn, 7 ppm Mn, 0.2 ppm I, 0.2 ppm Se 
3 Vitamin Premix supplied per kg of complete diet: 2143 IU vitamin A, 245 IU vitamin 
D3, 17.5 IU vitamin E, 1.1 IU vitamin K, 3.9 mg riboflavin, 19.6 mg niacin, 9.5 mg 
pantothenic acid, and 18 μg vitamin B12. 
4 Titanium dioxide was used as an indigestible marker for determining apparent total 
tract digestibility 
5 Carbonyls were analyzed as a measure of protein oxidation in the plasma after 
heating as well as in complete diet after mixing. Values are reported as nmol of 
carbonyl/mg of protein. 
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Table 6.2 Growth performance data for pigs fed diets containing increasing levels of dietary oxidized protein 
   Treatment1   P-value3 
  20° C 45° C 100° C   Treatment Linear 
Carbonyl in diet, nmol/mg  6.2 7.3 13.5  SEM 
Growth Performance2         
 ADG, kg   0.54b 0.54b 0.61a  0.02 0.03 < 0.01 
 ADFI, kg  0.83b 0.84b 0.95a  0.03 0.02 < 0.01 
 Gain:feed  0.65 0.65 0.65  0.01 0.95 0.87 
1 Difference in dietary treatments were created by either no heat treatment to spray dried plasma(20°C), heating plasma at 45°C for 3 
d (45°C) or heating at 100°C for 3 d (100°C). 
2 There were 10 individually penned gilts per treatment with an initial BW of 12.5 ± 1.5 kg. The trial lasted 19 d. ADG, average daily 
gain; ADFI, average daily feed intake; GF, gain:feed ratio. 
3 In addition to analyzing as individual treatments, a contrast was analyzed and the resulting P-values for linear relation between 
response variables and carbonyl values in the diet are reported. 
Difference in superscripts b-a within row indicate significant differences between treatments. 
 
 
 
Table 6.3 Histology data for pigs fed diets containing increasing levels of dietary oxidized protein 
   Treatment1   P-value2 
  20° C 45° C 100° C   Treatment Linear 
Carbonyl in diet, nmol/mg  6.2 7.3 13.5  SEM 
Histology         
 Villi Height (µm)  378.5 375.4 414.1  27.1 0.55 0.28 
 Crypt Depth (µm)  163.0y 163.3y 193.3z  9.5 0.06 0.02 
 Villi:Crypt Ratio  2.60 2.58 2.36  0.18 0.60 0.32 
1Difference in dietary treatments were created by either no heat treatment to spray dried plasma(20°C), heating plasma at 45°C for 3 d 
(45°C) or heating at 100°C for 3 d (100°C). 
2In addition to analyzing as individual treatments, a contrast was analyzed and the resulting P-values for linear relation between response 
variables and carbonyl values in the diet are reported. 
Difference in superscripts y-z within row indicate tendency between treatments. 
There were 10 individually penned gilts per treatment with an initial BW of 12.5 ± 1.5 kg. 
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Table 6.4 Digestibility of diets containing increasing levels of dietary oxidized protein 
  Treatment1   P-value2 
  20° C 45° C 100° C   Treatment Linear 
Carbonyl in diet, nmol/mg  6.2 7.3 13.5  SEM 
Dry matter %  71.7b 77.1a 71.4b  1.2 <0.01 0.08 
Ash %  15.4b 21.5a 14.7b  2.0 0.05 0.18 
Protein %  69.5ab 73.8a 66.9b  1.6 0.02 0.03 
Gross energy %  73.0 75.0 76.1  1.4 0.31 0.21 
Ether extract %  36.3a 33.7a 20.1b  2.2 <0.01 <0.01 
1Difference in dietary treatments were created by either no heat treatment to spray dried plasma(20°C), heating 
plasma at 45°C for 3 d (45°C) or heating at 100°C for 3 d (100°C). 
2In addition to analyzing as individual treatments, a contrast was analyzed and the resulting P-values for linear 
relation between response variables and carbonyl values in the diet are reported. 
Difference in superscripts a-b within row indicate significant differences between treatments. 
There were 10 individually penned gilts per treatment with an initial BW of 12.5 ± 1.5 kg. 
 
  
 
 
159 
Table 6.5 Measures of oxidative stress in pig plasma, jejunum, colon, and liver tissues fed increasing levels of dietary 
oxidized protein 
   Treatment1   P-value2 
  20° C 45° C 100° C   Treatment Linear 
Carbonyl in diet, nmol/mg  6.2 7.3 13.5  SEM 
Blood Plasma         
 d0 Carbonyl (nmol/mg)  2.25  1.88  1.89   0.25 0.52 0.56 
 d18 Carbonyl (nmol/mg)  3.18  3.02  3.07   0.23 0.89 0.94 
 Change in Carbonyl 3  0.92  1.14  1.20   0.36 0.85 0.69 
 GPx Activity (nmol/min/ml)4  68.1  70.9  76.4   10.1 0.84 0.57 
Jejunum         
 Carbonyl (nmol/mg)  9.52  10.71  10.76   3.01 0.95 0.85 
 TBARS (µM)  0.84  0.68  0.57   0.21 0.64 0.45 
 8-OH-2-deoxyguanasine (pg/ml)  655.0  695.1  790.1   50.6 0.17 0.07 
 GPx Activity (nmol/min/ml)4  17.9  23.6  33.5   9.9 0.54 0.29 
Colon         
 Carbonyl (nmol/mg)  5.97  7.55  7.93   1.04 0.38 0.36 
 8-OH-2-deoxyguanasine (pg/ml)  132.6  116.1  127.8   15.5 0.74 0.89 
Liver         
 Carbonyl (nmol/mg)  3.73  2.90  3.94   0.52 0.35 0.37 
 TBARS (µM)  9.72y  12.78z 10.48yz   0.98 0.09 0.62 
 8-OH-2-deoxyguanasine (pg/ml)  69.4 62.7  60.6   3.2 0.15 0.15 
1Difference in dietary treatments were created by either no heat treatment to spray dried plasma(20°C), heating plasma at 
45°C for 3 d (45°C) or heating at 100°C for 3 d (100°C). 
2In addition to analyzing as individual treatments, a contrast was analyzed and the resulting P-values for linear relation 
between response variables and carbonyl values in the diet are reported. 
3Change in Carbonyl was calculated by subtracting d0 values by d18 for each pig. 
4GPx Activity is indirectly measured by coupling the reaction of GPx with glutathione reductase. Units are in nmol/min/ml 
of NADPH converted to NADP+ by glutathione reductase. 
Difference in superscripts y-z within row indicate tendency between treatments. 
There were 10 individually penned gilts per treatment with an initial BW of 12.5 ± 1.5 kg. 
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Abstract 
Rendered products from the meat industry can provide quality sources of proteins 
typically used in companion animal diets at elevated levels. These proteins are exposed to 
extreme temperatures during production and lead to the potential for companion animals to 
consume dietary oxidized proteins and lipids. It is suggested that consumption of dietary 
oxidized products can lead to oxidative stress. In the case of livestock species this can lead to 
decreases in production efficiency. Additionally, oxidative stress is related to certain age related 
diseases that could impact the longevity of companion animals. The objective of this study was 
to determine the extent to which oxidized protein and lipid will affect the digestibility of a diet, 
as well as the impact on performance and oxidative stress in pigs. To examine this, pigs were 
used as a model for companion animals. Fifty-six male pigs (21 d old initial body weight 5.55 ± 
0.71 kg) were randomly assigned to 1 of 4 dietary treatments with varying levels of oxidized 
protein and lipid. Chicken by-product meal was used as the protein source and was either 
unheated upon arrival or heated at 100°C for 3 d resulting in 2 levels of heat. Additionally, 
mixed tocopherols were either added or not added for 2 levels of antioxidant. This resulted in a 
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2x2 factorial design stemming in 4 diets formulated the same yet containing increasing levels of 
oxidized protein and lipid. Diets were fed for 35 d and growth performance was measured. 
Digestibility, and nitrogen balance was determined after 21 d. Blood plasma (d 34), jejunum, 
colon, and liver tissues (d 35) were collected to analyze for markers of oxidative stress (e.g., 
protein oxidation, lipid oxidation, and DNA damage). Dry matter (P <0.01), ash (P <0.01), and 
protein (P <0.01) digestibility were reduced with increased protein oxidation in the diet due to 
heating. Furthermore, digestible energy was also reduced in diets containing heated CBP (P 
=0.01) and no antioxidant inclusion (P =0.01). As a likely response to decreased digestibility, 
villus height was increased in pigs fed diets containing CBP with no antioxidant inclusion (P < 
0.01). No difference was detected in nitrogen balance suggesting, nutrients that were absorbed 
are utilized the same, and rather oxidation impacts digestibility. This is further supported by the 
fact that systemic oxidative stress was not induced. In fact, a decrease in protein damage was 
observed in the jejunum (P = 0.10) and liver (P = 0.05) of pigs fed diets containing heated CBP. 
Additionally, lipid damage was decreased in blood plasma of pigs fed diets containing CBP with 
no antioxidant inclusion (P < 0.01). These results suggest that dietary oxidized protein and lipid 
included in the diet at elevated levels did not induce oxidative stress. The biggest impact 
oxidation had was reduced digestibility resulting in changes in gut morphology and growth 
performance. 
 
Introduction 
Oxidative stress is believed to play a part in certain age-related diseases such as 
Alzheimer’s disease, Parkinson’s disease, inflammatory bowel disease, muscular dystrophy, and 
diabetes (Estévez and Luna, 2017). With the humanization of pets, there is a growing concern of 
oxidative stress impacting companion animals as well. While many environmental factors may 
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induce oxidative stress, consumption of oxidized products may also induce oxidative stress 
where it is hypothesized that the consumption of severely oxidized products could further 
damage lipids, proteins, or DNA, resulting in an accumulation of reactive oxygen species (ROS).  
When feed ingredients are exposed to heat, lipids and proteins within the ingredient are 
capable of forming ROS resulting in oxidation (Roldan et al., 2014; Feng et al., 2015; Zhang et 
al., 2017; Lindblom et al., 2018). These ROS can go on to cause further oxidation in either 
proteins or lipids, leading to an increase in oxidation of both nutrients (Nielsen et al., 1985). 
During the rendering process, by-products are exposed to high temperatures (i.e.> 115ºC) to 
inactivate harmful pathogens and spoilage microbes (Anderson, 2006). Additionally, these 
products may be stored for extended periods of time, allowing to further oxidize. Therefore, 
rendered protein meals have the potential to contain oxidized lipids and proteins due to the 
production and handling. 
Rendered by-products of the meat industry are commonly used in animal feeds. These 
ingredients are sought after in companion animal diets due to a demand for high quality protein. 
Dry companion animal diets include protein at 31% (Hill et al., 2009), with some exceeding 
50%, even when the requirement for adult dogs is 18% and adult cats is 26% (Association of 
American Feed Control Officials, 2019). These levels are much higher than in most production 
animal diets where feed costs drive formulation and protein is kept at a minimum. Among all 
rendered protein sources, poultry by-product meals are the most commonly used in premium pet 
foods due to their favorable amino acid and fatty acid profile, and their positive impact on diet 
palatability (Aldrich, 2006).  This has led to the question of whether companion animals are also 
susceptible to similar age-related diseases as a result of oxidative stress, especially considering 
the levels of protein in diets which are often fed their entire life. 
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While little is known in relation to the impact of dietary oxidized products on companion 
animals, it is well-known that in livestock species, oxidative stress can impact efficiency and 
production costs (Dibner et al., 1996; DeRouchey et al., 2004). Research in livestock has 
primarily focused on dietary lipid oxidation (Boler et al., 2012; Lindblom et al., 2017). However, 
a study where oxidized spray dried plasma was fed to pigs for 19 d, determine oxidation reduced 
protein digestibility and altered gut morphology but did not induce oxidative stress (Frame et al., 
2020). It is still unclear how feeding a severely oxidized ingredient, especially at increased 
inclusion levels, could affect the growth and health status of an animal. Rendered protein sources 
provide a valuable and realistic model to understand dietary oxidized protein and lipid impact on 
growth and health. Chicken by-product meal, which contains 70% protein and 13% lipid, is an 
ingredient that is widely used among the pet industry and has the potential to contain products of 
both protein and lipid oxidation. It is commonly recognized that lipid in this product can oxidize, 
and as such, manufacturers commonly utilize antioxidants to limit oxidation (Aldrich, 2006). 
Therefore, the objective of this study was to examine if dietary oxidized protein and lipid in the 
form of chicken by-product meal (CBP) fed at levels typical of companion animal diets for 5 
weeks will results in growth differences, decreased digestibility, increased surface area of the 
jejunum, and induce oxidative stress. 
 
Materials and Methods 
The protocol for this experiment was reviewed and approved by The Institutional Animal 
Care and Use Committee at Iowa State University (Ames, IA). 
Animal and housing 
Fifty-six male pigs, 21 days old with an average initial body weight 5.55 ± 0.71 kg, were 
individually housed in raised pens (43 cm × 116 cm)  for 14 days followed by 7 days in 
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metabolism pens (53 cm × 71 cm) to collect urine and feces, after which pigs were then moved 
back to individual pens for an additional 14 days. While in the individual pens, pigs were 
allowed ad libitum access to their respective diet. While housed in the metabolism pens pigs 
were fed a defined amount of feed based on the first 14 days of feed intake to ensure complete 
consumption of diets while in the metabolism pens. During the entire study pigs were allowed 
for free movement and were provided water at all times. Each pig was assigned to one of four 
dietary treatment. 
Diets and Feeding 
A basal diet consisting of corn, and CBP held at 20°C (23% inclusion) from a 
commercial source was formulated to meet NRC (2012) energy and nutrient requirements. Two 
diet-phases were formulated to best match the nutrient requirement to the growth of the pig. 
Phase 1 was fed from d 0 to 20 including the metabolism collection period, while phase 2 was 
fed from d 21 to 35. To achieve a 2 × 2 factorial arrangement of treatments, diets were created 
with CBP that did or did not include an antioxidant (mixed tocopherol), in combination with 
being held at 20°C or being exposed to heat treatment (100°C for 3 d). Vitamins and minerals 
were included in concentrations that exceeded the requirement for growing pigs, with no 
antioxidants added other than the mixed tocopherols added into the CBP; with vitamin E 
supplemented in the vitamin mix to meet NRC (2012) requirements, but not exceed. Titanium 
dioxide (TiO2) was added as an indigestible marker to diets to allow for apparent total tract 
digestibility calculation using a grab-sample fecal collection. After mixing, feed was stored at 
20°C until fed. 
Sample collection 
Pig and feeder weights were recorded weekly to determine growth performance data. 
Feces and urine were collected daily on d 18 to20 (3 days) and stored at -20°C. Fecal samples 
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were then dried at 100°C, and ground through a 1-mm screen prior to analysis. On day 34,  8 mL 
of blood was collected via jugular venipuncture, subsequently centrifuged at 1000 × g for 10 min 
at 4°C, with plasma collected and stored at -80°C for further assays. On day 35, pigs were 
euthanized by captive bolt followed by exsanguination for harvesting of various tissues. Liver, 
jejunum, and colon were washed with phosphate buffered saline (PBS), snap frozen in liquid 
nitrogen, and stored at -80°C until further assayed. Additionally, jejunum samples were placed in 
10% w/v formalin to be stained with hematoxylin and eosin (Iowa State University Veterinary 
Diagnostic Laboratory,  Ames, IA). The resulting slides containing jejunum samples were 
analyzed for crypt depth and villi height (OLYMPUS BX 53/43 microscope with an attached 
DP80 Olympus camera, Olympus Waltham, MA). For each pig, 15 villus and crypt pairs with 
proper orientation were measured using computer software (OLYMPUS cellSens Dimension 
1.16), averaged by pig, and reported as 1 value per pig. 
Chemical analysis 
Ingredient, diets, and fecal samples were analyzed in duplicate for dry matter (DM; 
AOAC 930.01), ash (AOAC 942.05), N by using thermal combustion (AOAC 992.15), acid 
hydrolyzed ether extract (AOAC 2003.06), and gross energy (GE) using a bomb calorimeter 
(model 6200; Parr Instrument Co., Moline, IL) with benzoic acid (6,318 kcal GE/kg; Parr 
Instrument Co.) used for calibration. Urine was also analyzed for N using thermal combustion 
(AOAC 992.15). Complete diets and CBP were analyzed for carbonyls by solubilizing 1 g of 
sample in 50 ml of 5% w/v sodium dodecyl sulfate and incubating in 50°C water bath for 1 h 
(Soglia et al., 2016), followed by centrifugation for 10 min at 3000 × g at 4°C to remove any 
remaining insoluble particles with the superannuant used to analyze for carbonyls (Levine et al., 
1990). Due to the likelihood that lipids are also oxidized, complete diets and CBP were analyzed 
for TBARS as a measure of lipid oxidation. (Buege and Aust, 1978). 
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Oxidative stress assays 
Tissue samples were analyzed for carbonyls (protein oxidation), malondialdehyde 
(MDA) by thiobarbituric acid reactive substances (TBARS; lipid oxidation), and 8-OH-2-
deoxyguanosine (DNA damage). Plasma collected at d 34 was also tested for carbonyls and 
TBARS, and urine was analyzed for TBARS and 8-OH-2-deoxyguanosine. Tissues were 
prepped according to manufacturer’s instructions as previously described (Frame et al., 2020). 
Plasma and urine were analyzed as is, with the exception that urine was diluted 1:750 prior to 
analyzing 8-OH-2-deoxyguanosine. Kits for TBARS, and 8-OH-2-deoxyguanosine kits that were 
obtained from a commercial company (Cayman Chemical, Ann Arbor, MI) and performed 
according to manufacturer’s instructions. Carbonyls were analyzed as previously described 
(Levine et al., 1990; Frame et al., 2020). 
Calculations and statistical Analysis 
After chemical analysis was completed on diets and fecal samples, digestibility was 
calculated using the following equation. 
%	#$%&'($)$*$(+ = 100 − 0100 ×	2
3$4!(#$%&)
3$4!((%)%*)
5 × 2
67(8$&9(((%)%*)
67(8$&9((#$%&)
5: 
Pigs were randomly assigned to one of the four dietary treatment (n = 14 pigs per 
treatment), resulting in 56 pigs total. Pigs and treatments were evenly split into 2 separate rooms 
for the first 14 days and last 14 days of the study, using the room as a blocking factor.  Data were 
analyzed as randomized complete block with treatments in a 2 × 2 factorial design with the effect 
of  antioxidant (with and without) and additional thermal processing (held at 20°C, or heated at 
100°C for 3 d). During the study one pig died from disease unrelated to treatment. Therefore, 
samples were collected from 55 pigs resulting in 13 or 14 pig per treatment (n=13 or 14). Initial 
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body weight was used as covariates for analysis of all data. Results were analyzed by using the 
following model. 
;$+, = < + >$ + ?+ + (> × ?)$+ + B$+, + $CD$+, + E$+, 
In the above model, ; is the observed value; < represents the overall mean; A is the ith 
level for the fixed effect of antioxidant, H is the jth level of the fixed effect of heat, Rijk represents 
the room associated with F$%$+,, iBWijk represents the initial body weight associated with F$%$+,, 
and eijk represents the random error associated with ;$+, assuming that	~Ν(0, ΙK-!). P-values ≤ 
0.05 were considered significantly different, with P-value of 0.05 < P ≤ 0.10 considered trends. 
Data were analyzed using Proc GLM procedure of SAS (version 9.4; SAS) with means reported 
using LSMEANS using Tukey post hoc test. To assess how total consumption of oxidized 
products (total carbonyls or total TBARS) impacted growth and health parameters, regression 
coefficients were obtained by using the Proc Corr procedure of SAS (version 9.4; SAS). Total 
carbonyls or MDA consumed were calculated by multiplying total feed intake for each phase by 
carbonyls or MDA in the respective diet for each feeding phase then summed together. 
 
Results and Discussion 
Diets and Composition 
Because vitamin E can act as an antioxidant, levels for all dietary treatments were 
restricted to NRC requirements to limit antioxidant effect that was diet derived. It is well known 
that heat can induce both lipid and protein oxidation (Frankel, 1998; Roldan et al., 2014; Feng et 
al., 2015; Zhang et al., 2017), therefore, differences in lipid and protein oxidation in the current 
trial was achieved by the inclusion of antioxidant (mixed tocopherols), and different heat 
treatments. This was confirmed in the chemical analysis of both CBP and in the final diet. 
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Carbonyl values in the final diet of phase 1, were least for treatments that included an antioxidant 
and no heat, and greatest for treatment that did not include an antioxidant and was heated (24.7 
vs 29.4; Table 7.1). During phase 2, the inclusion of antioxidant resulted in lower carbonyl 
values in both the ingredient and diet, yet heat appeared to have a minimal impact on either 
(Table 7.2). Additionally, TBARS was used to confirm lipid oxidation in both the CBP and the 
diets. When measured in the CBP, TBARS was least for the treatment with no heat with 
antioxidant as expected. However, TBARS was greatest in the treatment that was not heated and 
did not contain antioxidants. This trend was the same for both feeding periods. While this is not 
expected, this was not the case for the final diets. In the final diet, the treatment with no heat and 
the inclusion of antioxidant was the least, while the treatment with heat and without antioxidant 
was greatest for phase 1 (2.62 vs 3.63) and for phase 2 (227 vs 3.33). This confirms that heat and 
no inclusion of antioxidant resulted in greater amount of oxidized protein and lipid in the final 
diet. 
Digestibility 
Results for apparent total tract digestibility (ATTD) of DM, ash, crude protein (CP) , GE, 
and lipid are summarized in Table 7.3. A heat × AOX interaction was observed where adding 
AOX increased ATTD of N when CBP was not heated (79.3% vs. 75.2 %), but had no effect 
when CBP was heated (P = 0.02). In general heating resulted in decreased DM, ash, CP, and GE 
digestibility (P<0.01).  These result are consistent with Chen et al. (2015) which concluded that 
in growing broilers, as feed became more oxidized, DM and CP digestibility decreased, and by 
Frame et al. (2020) who reported that that DM and CP was less digestible in nursery pigs fed 
oxidized spray dried plasma . Heat induced oxidation has been shown to alter the structure of 
proteins resulting in aggregation (Promeyrat et al., 2010) where it has been proposed that 
oxidation of proteins decreases their susceptibility to proteolysis resulting in decreased 
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digestibility (Sante-Lhoutellier et al., 2007; Wu et al., 2014). Others have shown that in pigs fed 
oxidized protein, a decrease in digestibility of proteins and DM was a result of decreased trypsin 
and amylase activity (Zhang et al., 2016) in addition to decreased lipase and protease activity 
(Chen et al., 2015). 
Previously, it has been suggested that oxidation may not result in differences in digestible 
energy (DE), but may lead to differences in metabolizable energy (ME; (Frame et al., 2020). In 
the current study, increased oxidation as a result of no antioxidant inclusion resulted in decreased 
DE (P=0.01) and ME (P<0.01). This was in addition to decreased DE (P=0.01) and ME 
(P<0.01) of diets with increased oxidation products as a result of heating. Similar to this study, 
Rosero et. al. (2015) also found a decrease in DE in pigs fed diets containing oxidized lipids. 
This study also examined nitrogen balance to determine if absorbed amino acids were 
damaged by oxidation and were unusable to the body. Result showed no difference in nitrogen 
balance across all treatments.  This also supports that difference across treatments for ME was 
driven by digestible, rather than differences in metabolism. These results would suggest that 
oxidation largely impacts the digestibility of energy and nutrients.  
Growth performance 
While it is unlikely that livestock would be consuming rendered meals at inclusion levels 
seen in this study due to cost, it is important to understand how feeding an oxidized ingredient 
can impact growth performance. During the 34 d trial, no interaction was observed between 
AOX and heat for average daily gain (ADG), average daily feed intake (ADFI) or gain:feed 
(GF), Table 7.4.  No difference was observed for ADG due to heat or adding AOX to CBP (P > 
0.10). Pigs consuming diets containing CBP with no antioxidant inclusion had decreased ADFI 
(P=0.02). Previous studies have also shown a decrease in ADFI with greater concentrations of 
oxidized lipids fed to pigs (DeRouchey et al., 2004; Liu et al., 2014; Chen et al., 2015; Rosero et 
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al., 2015). With respect to GF, pigs consuming diets containing heated CBP had decreased GF 
(P=0.02). Studies examining lipid oxidation have also observed this decrease of GF in broilers 
(Dibner et al., 1996; Takahashi and Akiba, 1999; Tavarez et al., 2011; Hung et al., 2017). With 
respect to dietary protein oxidation, when broilers were fed oxidized soy protein isolate (Wu et 
al., 2014; Chen et al., 2015) or when pigs were fed oxidized spray dried plasma (Frame et al., 
2020), no difference in GF was observed. Therefore, the decrease in GF observed in this study 
could be a result of either lipid oxidation products or due to consumption of oxidized protein, 
which are supported with the decreased digestibility of DM, ash, CP, and GE. 
Gut morphology 
Histology samples from the jejunum were analyzed for villus height, crypt depth, and 
villus to crypt ratio (Table 7.5). A significant heat × AOX interaction was observed where pigs 
fed diets not containing AOX had an increased crypt depth when CBP was not heated (224 µm 
vs. 245 µm), but AOX had no effect when CBP was heated (P = 0.03). Pigs consuming diets 
containing CBP with no antioxidant inclusion had increased villus heights (674 vs 576 for AOX- 
vs AOX+, respectively; P<0.01). This difference was also reflected in the villi to crypt ratio 
(VC) where pigs fed diet without AOX had increased VC compared to diets with AOX (3.20 vs 
2.83 for AOX- vs AOX+, respectively; P<0.01). These results are consistent with Rosero et al. 
(2015) who reported increased villus height in pigs consuming oxidized soy bean oil for 35 d 
where they proposed that lipid oxidation stimulated enterocyte proliferation as a result of 
oxidative stress in the small intestine, thus leading to changes in morphology. Therefore, 
consumption of oxidized products may increase crypt depth or villus height. This increase in 
villus height may be a response to the decrease in apparent total tract digestibility in order to 
capture more nutrients. 
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Measures of oxidative stress 
It should be noted in general carbonyl values in tissues and plasma were greater than 
other studies examining dietary oxidized protein (Zhang et al., 2017; Frame et al., 2020). This is 
likely due to the severity of oxidation in CBP (24.4  - 62.8 nM carbonyl/mg protein) compared to 
other studies examining spray dried plasma (2.7  - 8.1 nM carbonyl/mg protein) or soy protein 
isolate (7.1 – 10.4 nM carbonyl/mg protein). 
Results for markers of oxidative stress measured in tissues and plasma can be found in 
Table 7.6. In the plasma, there was no interaction between heat and AOX on carbonyls, and no 
main effect due to heat or AOX were observed. In contrast to expectations, a difference was 
observed where pigs consuming a more oxidized diet as a result of no added antioxidant 
exhibited less lipid damage as measured by TBARS (7.25 vs 9.98; P<0.01).  
In the jejunum, no significant interaction was observed for protein lipid or DNA damage. 
A tendency was observed for protein damage where pigs consuming diets containing heated CBP 
tended to have less carbonyl formation (338 vs 406; P=0.10). No difference was observed in 
either lipid or DNA damage (8-OH-2-deoxyguanosine). As the main site of absorption, it would 
be expected that tissue from the small intestine would have the greatest exposure to dietary 
oxidized product, resulting in the most damage. However, these results would suggest that the 
jejunum was not in an oxidative stress status. 
Given the decrease in digestibility that was noted, it may be that oxidized products pass 
the small intestine and end up in the hind gut. As a consequence, it was expected that damage to 
colonic tissue would have been observed, yet no difference was detected for colonic protein or 
DNA damage. A significant heat × AOX interaction was observed where pigs fed heated diets 
without AOX had an increased lipid damage measured by TBARS compared to with AOX 
(14.88 vs. 6.49 µm MDA; P < 0.01). It appears that AOX inclusion resulted in less lipid damage 
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in the colon when CBP was heated but was not influenced with CBP was not heated. However, 
combined with a lack of interactive or treatment effects of heat or AOX on protein or DNA 
damage in the colon, it appears that colonic tissue was not significantly affected by heating CBP 
or the addition of AOX. 
A significant difference was observed for liver carbonyls, where pigs fed diets containing 
heated CBP had decreased protein damage (360 vs 508; P = 0.05). This unexpected outcome was 
similar to observations in both the plasma and jejunum tissue. There was no interaction between, 
or main effect of heat or AOX on liver TBARS or 8-OH-dG (P > 0.10). 
Urine was analyzed for markers of DNA or lipid damage as these products are 
specifically concentrated in the kidney and excreted in the urine (Wu et al., 2004; Mateos and 
Bravo, 2007). Proteins are not typically excreted in the urine and thus, carbonyls were not 
evaluated (Lindblom et al., 2018). There was no interaction between heat or AOX for either 
urinary TBARS or 8-OH-dG, and there was no main effect of heat or AOX for urinary 8-OH-dG 
excretion (P > 0.10). In contrast, a trend was observed for urinary TBARS where urine from pigs 
fed diets containing heated CBP tended to have greater lipid damage (9.31 vs 8.66; P=0.10) than 
pigs fed unheated CPB. 
 Of all measures of lipid, protein, and DNA damage, TBARS in the colon and urine was 
the only measure to increase as a result of increase oxidation. Contrary, TBARS in the plasma, 
and carbonyls in the jejunum and liver actually decreased as a result of increased oxidation. This 
unexpected outcome may be a result of the body responding by clearing damaged lipids and 
protein, thus leading to lipid oxidation products decreasing in tissues, while increasing in the 
urine and colon. 
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Regression analysis 
Regressions were created to effectively determine the extent of total consumption of 
oxidized products on growth and health parameters (Table 7.7). Nitrogen retention was 
negatively correlated with total carbonyls consumed during the first phase of the study (P<0.01). 
Parameters that were negatively correlated with total MDA (TBARS) consumed during the first 
phase of the study were GE digestibility (P<0.01), ME (P=0.05), and N retention (P<0.01). 
Contrary to the previous analysis, N retention is reduced with increased oxidation of proteins and 
lipids suggesting a difference in protein metabolism. This relationship may be impacted by 
damaged amino acids being absorbed and metabolized and excreted. This is the first of any study 
to observe such relation.  
Parameters that were positively correlated with total carbonyls consumed over the entire 
study were ADG (P<0.01), ADFI (P<0.01), and villus height (P<0.01), while urinary TBARS 
was negatively correlated (P<0.01). Similarly, parameters that were positively correlated with 
total MDA (TBARS) consumed over the entire study were ADG (P<0.01), ADFI (P<0.01), and 
villus height (P<0.01), while urinary TBARS was negatively correlated (P<0.01). The relation 
between dietary oxidized products and villus height further support that dietary oxidized 
products results in an increased surface area of the jejunum. As with any correlation, further 
investigation needs to be conducted as to determine the cause of these relationships.  
In plasma, jejunum, and liver tissues, pigs fed diets greater in oxidation had decreased 
lipid and protein damage. This is an unexpected outcome and no other studies have shown a 
decrease in these markers with feeding a more oxidized diet. One possible reason for results of 
this study could be that as a result of heat or no antioxidants, lipids and proteins were completely 
oxidized. Therefore, the oxidized diets were in a stable form and unable to produce free radicals 
that would result in protein, or lipid damage. However, diets that contained antioxidants or were 
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not heated, still had native lipids and proteins that could produce free radicals. The unexpected 
decrease in protein and lipid damage in pigs consuming oxidized diets could also be a result of 
adaptation. It is possible that during the 35 d period, pigs fed oxidized diets were able to 
upregulate antioxidant machinery. This would allow for clearing of oxidized products at the level 
of tissue and lead to excreting oxidized products in the urine or feces. These possibilities warrant 
more investigation as to whether end products can induce oxidative stress.  
It was interesting that no difference was observed in DNA damage measured in the 
jejunum, colon, liver or urine. Products of lipid damage were decreased in blood plasma while 
products of protein damage were decreased in the jejunum and liver of pigs fed oxidized diets. 
Granted, increased product of lipid damage were observed in the urine of pigs fed oxidized diets. 
However, when analyzed as a correlation with total consumption of oxidized product, lipid 
damage in the urine decreased with increased oxidation. While significant differences were 
observed in select tissues, consistent damage of protein lipids and DNA across multiple tissues 
was not observed. Therefore, results from this study indicate that the levels of dietary oxidized 
protein and lipid fed herein do not induce systemic oxidative stress. However, oxidation did 
decreased DM, ash, CP digestibility which supports the decrease in GF in pigs consuming 
oxidized diets. In addition, villus height increased with increased inclusion of oxidized protein in 
the diet suggesting the pig may be trying to increase their absorptive surface area, which are 
consistent with previous work (Rosero et al., 2015).  
While quantifiable data was not able to be obtained, an anecdotal difference was 
observed in hair and skin quality. Pigs fed oxidized diets appeared to have thicker, rough hair 
with more dandruff, while pigs fed less oxidized diets appeared to have a normal hair and skin 
quality. Considering sulfur containing amino acids are the most susceptible to oxidation, and 
 
 
175 
these amino acids are vital in hair formation, future work should consider possible measures of 
hair quality. It is proposed that as a result of oxidation, damage to susceptible amino acids results 
in deficiencies in these components. This is especially important when considering companion 
animals, as coat and hair quality is a defining factor of acceptable companion animal diets.  
Although livestock diets would not include rendered meals at the levels fed in the current 
study and thus affect oxidative stress, the main concern of oxidation in ingredients is likely the 
digestibility of energy and nutrients. In contrast, companion animals do feed higher levels of 
animal protein-by products and are fed for the duration of the animal’s lifespan. Both the 
reduction in diet digestibility and the induction of enteric oxidative stress may be of concern, 
such that companion animal nutrition should consider investigating the long-term effects of the 
consumption of oxidized rendered products and the supplementation of diets with antioxidants. 
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Tables 
Table 7.1 Diet formulation and analyzed composition of diets during phase 1 
   Treatment 
  AOX + 
Heat - 
AOX + 
Heat + 
AOX – 
Heat - 
AOX – 
Heat + 
% Diet      
 Corn  57.0 57.0 57.0 57.0 
 CBP + AOX  23.15 - - - 
 Heated CBP + AOX - 23.15  - 
 CBP  - - 23.15 - 
 Heated CBP  - - - 23.15 
 Plasma protein  5.0 5.0 5.0 5.0 
 Lactose  5.0 5.0 5.0 5.0 
 Whey protein  5.0 5.0 5.0 5.0 
 Soybean oil  2.65 2.65 2.65 2.65 
 Micro ingredints1  1.70 1.70 1.70 1.70 
 Titanium dioxide2  0.50 0.50 0.50 0.50 
Analyzed composition       
 DM, %  89.9 91.5 90.4 91.5 
 Ash, %  6.0 5.4 6.0 5.5 
 CP, %  25.8 24.6 25.9 26.1 
 GE, Kcal/kg  4,794 4,716 4,762 4,678 
 Lipid, %  6.1 5.5 6.2 5.5 
 TBARS CBP,  mg MDA/kg  4.75 ± 0.01 4.96 ± 0.05 9.67 ± 0.33 6.48 ± 0.33 
 Carbonyl CBP3, nM/mg protein  24.4 ± 0.86 34.3 ± 1.67 44.9 ± 1.72 60.7 ± 1.34 
 TBARS final diet, mg MDA/kg  2.62 ± 0.19 3.24 ± 0.29 2.88 ± 0.23 3.63 ± 0.14 
 Carbonyl in final diet,4  
nmol/mg protein 
 24.7 ± 0.19 26.9 ± 0.11 27.7 ± 0.38 29.4 ± 0.07 
AOX – mixed tocopherol antioxidant, CBP – chicken by-product, DM- dry matter, CP- crude protein, 
GE- gross energy, TBARS – thiobarbituric acid reactive substances 
1 Micro ingredients, as % of diet included 0.4% salt, 0.5% L-lysine, 0.17% DL-methionine, 0.16% L-
threonine, 0.10% L-isoleucine, 0.09% L-valine, 0.06% L-tryptophan, 0.15% mineral premix 
(supplied per kg of complete diet: 9 ppm Cu, 120 ppm Fe, 120 ppm Zn, 7 ppm Mn, .2 ppm I, .2 ppm 
Se), 0.07% vitamin premix (supplied per kg of complete diet: 2143 IU vitamin A, 245 IU vitamin D3, 
17.5 IU vitamin E, 1.1 IU vitamin K, 3.9 mg riboflavin, 19.6 mg niacin, 9.5 mg pantothenic acid, and 
18 μg vitamin B12). 
2 Titanium dioxide was used as an indigestible marker for determining digestibility 
3 Protein carbonyls were analyzed as a measure of protein oxidation in CBP.  
4 Protein carbonyls were analyzed as a measure of protein oxidation in complete diet after mixing. 
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Table 7.2 Diet formulation and analyzed composition of diets during phase 2 
  Treatment 
  AOX + 
Heat - 
AOX + 
Heat + 
AOX – 
Heat - 
AOX – 
Heat + 
% Diet      
 Corn  64.74 64.74 64.74 64.74 
 CBP + AOX  23.5 - - - 
 Heated CBP + AOX - 23.5  - 
 CBP  - - 23.5 - 
 Heated CBP  - - - 23.5 
 Plasma protein  2.5 2.5 2.5 2.5 
 Lactose  2.5 2.5 2.5 2.5 
 Whey protein  2.5 2.5 2.5 2.5 
 Soybean oil  2.18 2.18 2.18 2.18 
 Micro ingredints1  1.58 1.58 1.58 1.58 
 Titanium dioxide2  0.50 0.50 0.50 0.50 
Analyzed Composition       
 DM, %  90.2 90.1 89.8 90.8 
 Ash, %  5.0 4.9 4.9 5.0 
 CP, %  23.6 24.0 23.5 24.8 
 GE, Kcal/kg  4,669 4,767 4,645 4,743 
 Lipid, %  7.8 7.8 7.2 8.3 
 TBARS CBP,  mg MDA/kg  4.71 ± 0.03 4.95 ± 0.08 9.76 ± 0.27 5.45 ± 0.13 
 Carbonyl CBP3, nM/mg protein  30.3 ± 1.28 31.8 ± 0.42 61.6 ± 3.21 62.8 ± 0.92 
 TBARS final diet, mg MDA/kg  2.27 ± 0.01 2.68 ± 0.18 3.24 ± 0.17 3.33 ± 0.23 
 Carbonyl in final diet,4  
nmol/mg protein 
 21.6 ± 0.05 21.4 ± 0.27 26.7 ± 0.03 26.7 ± 0.09 
AOX – mixed tocopherol antioxidant, CBP – chicken by-product, DM- dry matter, CP- crude protein, 
GE- gross energy, TBARS – thiobarbituric acid reactive substances 
1 Micro ingredients, as % of diet included 0.4% salt, 0.5% L-lysine, 0.17% DL-methionine, 0.16% L-
threonine, 0.10% L-isoleucine, 0.09% L-valine, 0.06% L-tryptophan, 0.15% mineral premix 
(supplied per kg of complete diet: 9 ppm Cu, 120 ppm Fe, 120 ppm Zn, 7 ppm Mn, .2 ppm I, .2 ppm 
Se), 0.07% vitamin premix (supplied per kg of complete diet: 2143 IU vitamin A, 245 IU vitamin D3, 
17.5 IU vitamin E, 1.1 IU vitamin K, 3.9 mg riboflavin, 19.6 mg niacin, 9.5 mg pantothenic acid, and 
18 μg vitamin B12). 
2 Titanium dioxide was used as an indigestible marker for determining digestibility 
3 Protein carbonyls were analyzed as a measure of protein oxidation in CBP.  
4 Protein carbonyls were analyzed as a measure of protein oxidation in complete diet after mixing. 
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Table 7.3 Digestibility and N balance of diets containing varying levels of dietary oxidized protein fed to growing 
pigs. 
   Treatment1   P-value 
  AOX + 
Heat - 
AOX + 
Heat + 
AOX – 
Heat - 
AOX – 
Heat + 
 SEM AOX Heat AOX x 
Heat 
Digestibility           
 DM, %  91.1 89.4 90.7 88.6  0.49 0.24 <0.01 0.67 
 Ash, %  70.4 65.9 68.4 64.7  0.79 0.05 <0.01 0.62 
 N, %  79.3a 70.9c 75.2b 72.0c  1.07 0.17 <0.01 0.02 
 GE, %  86.7 82.9 84.4 82.5  0.65 0.05 <0.01 0.14 
 Lipid, %  77.0 74.7 77.0 73.6  1.63 0.88 0.12 0.58 
Energy and N Balance         
 DE, Kcal/Kg  4,158 3,908 4,019 3,861  31 0.01 <0.01 0.15 
 ME, Kcal/Kg  4,049 3,795 3,912 3,755  33 0.01 <0.01 0.15 
 N Retained2, %  82.4 79.0 80.5 80.4  1.4 0.85 0.26 0.26 
DM – Dry Matter, AOX – antioxidant, N – nitrogen, GE – gross energy, DE – digestible energy, ME – metabolizable 
energy 
a-cDifference in superscript indicate significant interaction. 
1Difference in dietary treatments were achieved by the inclusion or absence of AOX in CBP, and with or without 
additional heat treatment (100°C for 72 h) of CBP. There were 14 individually penned gilts per treatment with an 
initial BW of 5.55 ± 0.71 kg fed for 20 d.  
2N retention was calculated as a percentage of N retained over N absorbed 
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Table 7.4 Growth performance data for pigs fed diets containing varying levels of dietary oxidized protein . 
   Treatment1   P-value 
Item  AOX + 
Heat - 
AOX + 
Heat + 
AOX – 
Heat - 
AOX – 
Heat + 
 SEM AOX Heat AOX x 
Heat 
Growth Performance           
 ADG, kg  0.33 0.34 0.32 0.29  0.016 0.11 0.57 0.27 
 ADFI, kg  0.49 0.52 0.46 0.47  0.017 0.02 0.48 0.53 
 GF  0.68 0.66 0.69 0.63  0.016 0.47 0.02 0.22 
ADG – Average Daily Gain, ADFI – Average Daily Intake, GF – Gain to feed ratio, AOX - antioxidant CBP – 
chicken by-product 
1Difference in dietary treatments were achieved by the inclusion or absence of AOX in CBP, and with or without 
additional heat treatment (100°C for 72 h) of CBP. There were 14 individually penned gilts per treatment with an 
initial BW of 5.55 ± 0.71 kg fed for 35 d.  
 
 
Table 7.5 Histology data for pigs fed  diets containing varying levels of dietary oxidized protein. 
   Treatment1   P-value 
Item  AOX + 
Heat - 
AOX + 
Heat + 
AOX – 
Heat - 
AOX – 
Heat + 
 SEM AOX Heat AOX x 
Heat 
Histology2           
 Villi Height (µm)  577 574 688 660  11.4 <0.01 0.19 0.27 
 Crypt Depth (µm)  224b 237ab 245a 232ab  5.9 0.19 0.97 0.03 
 Villi:Crypt ratio  2.92 2.74 3.16 3.23  0.09 <0.01 0.53 0.14 
AOX - antioxidant CBP – chicken by-product 
a-bDifference in superscript indicate significant interaction. 
1Difference in dietary treatments were achieved by the inclusion or absence of AOX in CBP, and with or without 
additional heat treatment (100°C for 72 h) of CBP. There were 14 individually penned gilts per treatment with an 
initial BW of 5.55 ± 0.71 kg fed for 35 d.  
2Jejunum samples were stained with hematoxylin and eosin and analyzed for crypt depth and villi height where 15 
villus and crypt pairs with proper orientation were averaged by pig and reported as 1 value per pig. 
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Table 7.6 Measures of oxidative stress for pigs fed  diets containing varying levels of dietary oxidized protein 
   Treatment1   P-value 
Measure of Oxidation  AOX + 
Heat - 
AOX + 
Heat + 
AOX – 
Heat - 
AOX – 
Heat + 
 SEM AOX Heat AOX x 
Heat 
Plasma           
 Carbonyl (nM/mg protein)  67.2 52.8 59.7 52.6  7.3 0.60 0.15 0.62 
 TBARS (µM MDA)  9.85 10.11 6.54 7.95  0.74 < 0.01 0.27 0.45 
Jejunum           
 Carbonyl (nM/mg protein)  410 361 401 314  40 0.50 0.10 0.64 
 TBARS (µM MDA)  4.41 3.85 3.68 4.40  0.45 0.85 0.86 0.17 
 8-OH-2-deoxyguanasine (pg/ml)  120 74 110 113  21 0.48 0.31 0.25 
Colon           
 Carbonyl (nM/mg protein)  79.0 80.1 89.7 89.8  14.1 0.47 0.97 0.97 
 TBARS (µM MDA)  12.56ab 6.49b 8.95ab 14.88a  2.15 0.24 0.97 < 0.01 
 8-OH-2-deoxyguanasine (pg/ml)  140 171 174 171  32 0.60 0.66 0.59 
Liver           
 Carbonyl (nM/mg protein)  443 439 572 293  69 0.91 0.05 0.06 
 TBARS (µM MDA)  5.39 5.36 6.09 5.19  0.32 0.43 0.16 0.19 
 8-OH-2-deoxyguanasine (pg/ml)  352 283 337 348  67 0.71 0.66 0.56 
Urine           
 TBARS (µM MDA)  7.67 8.61 9.68 10.02  1.04 0.10 0.54 0.78 
 8-OH-2-deoxyguanasine (ng/ml)  363 329 309 346  29 0.54 0.95 0.24 
  AOX – antioxidant, TBARS – thiobarbituric acid reactive substances 
a-bDifference in superscript indicate significant interaction. 
1Difference in dietary treatments were achieved by the inclusion or absence of AOX in CBP, and with or without additional 
heat treatment (100°C for 72 h) of CBP. There were 14 individually penned gilts per treatment with an initial BW of 5.55 ± 
0.71 kg fed for 35 d. 
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Table 7.7 Pearson correlation coefficients between total protein carbonyls or MDA consumed 
and performance and oxidative stress parameters in pigs fed diets containing varying levels of 
dietary oxidized lipid and protein1 
Parameter  
Total 
carbonyls 
consumed2 
(d0-20) 
Total MDA 
consumed 
(d0-20)2 
Total 
carbonyls 
consumed3 
(d0-35) 
Total MDA 
consumed 
(d0-35)3 
GE digestibility 
 
- -0.53 <0.01 - - 
ME 
 
- -0.26 0.05 - - 
N retention 
 -0.39 
<0.01 
-0.36 
<0.01 - - 
ADG 
 
- - 0.69 <0.01 
0.54 
<0.01 
ADFI 
 
- - 0.84 <0.01 
0.69 
<0.01 
Villus height 
 
- - 0.40 <0.01 
0.41 
<0.01 
Urinary TBARS 
 
- - -0.40 <0.01 
-0.27 
0.05 
  GE – gross energy, ME – metabolizable energy, N – nitrogen, ADG- average daily gain, ADFI- average daily 
feed intake, TBARS – thiobarbituric acid reactive substances 
a-bDifference in superscript indicate significant interaction. 
1Difference in dietary treatments were achieved by the inclusion or absence of AOX in CBP, and with or without 
additional heat treatment (100°C for 72 h) of CBP. There were 14 individually penned gilts per treatment with an 
initial BW of 5.55 ± 0.71 kg fed for 35 d. 
2Total carbonyl or MDA consumed was calculated by multiplying the total feed intake from d0-20 by the carbonyl 
or MDA content in their respective diets 
3Total carbonyl or MDA consumed was calculated by multiplying the total feed intake from d0-35 by the carbonyl 
or MDA content in their respective diets 
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CHAPTER 8.    GENERAL CONCLUSION 
Rendered protein meals are used in companion animal, aquiculture, and livestock feeds as 
they provide a sustainable (Rosentrater et al., 2020), highly digestibly protein with a favorable 
amino acid profile (Meeker and Hamilton, 2006). It is known that lipids in rendered protein 
meals can readily oxidize but the stability of proteins in these ingredients with regard to 
oxidation is unclear. Conditions rendered protein meals are stored in and processed under in may 
further oxidize proteins. As feed ingredients, it is vital to understand how oxidation will impact 
processing and ingredient functionality. It is also critical to know if feeding an oxidized 
ingredient can have an impact on animal health status related to oxidative stress. The objective of 
this dissertation was to understand the susceptibility of commonly used rendered protein meals to 
protein oxidation during storage and extrusion, as well as determine the impact of feeding an 
oxidized rendered protein on production and oxidative status of an animal. 
The carbonyl assay captures the products of many protein oxidation reactions making it 
useful in quantifying protein oxidation. Unfortunately, it also captures other compounds not 
directly associated with protein oxidation. The first study in this dissertation was to determine if 
protein oxidation could be measured by specific products of lysine and arginine oxidation (a-
aminoadipic semialdehyde and g-glutamic semialdehyde) using mass spectrometry. Results for 
measuring protein oxidation were inconsistent between the carbonyl assay and the mass 
spectrometry method. It was hypothesized that the direct oxidation products of lysine and 
arginine are further degraded as a result of extensive oxidation, leading to the formation of 
secondary products (aminoadipic acid, glutamic acid) that were not measured but do contain 
carbonyls. In rendered products, the mass spectrometry method was too specific because it only 
measured the primary products of lysine and arginine. The carbonyl assay was able to detect a 
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broad range of oxidized products. The potential exists, however, to modify the metabolomics 
method to analyze other metabolites for their potential in quantifying protein oxidation in 
rendered proteins meals. 
The stability of rendered protein meals to oxidation during storage as well as the 
effectiveness of common antioxidants is important to understand as these changes may have 
negative impacts on health, production, and quality of these ingredients. It was determined that 
beef meat and bone meal, poultry blood meal, and fish meal increased in carbonyl content after 7 
days of storage at 45°C. Poultry blood meal, low ash chicken by-product meal, and fish meal 
increased in carbonyl formation after 6 months of storage at 20°C. Mineral content, especially 
iron, and products of lipid oxidation are likely catalysts for protein oxidation. This would explain 
why in general, poultry blood meal (high in iron) and fish meal (highly susceptible to lipid 
oxidation) were most susceptible to carbonyl formation while other products were not impacted 
during storage. It was also determined that mixed tocopherols were effective in limiting the 
extent of carbonyl formation in fish meal stored for 7 days at 45°C compared to product without 
antioxidants or treated with ethoxyquin. The difference on antioxidant effectiveness as a result of 
storage conditions is likely due to the increased activity and stability of tocopherols at greater 
temperatures (Marinova and Yanishlieva, 1992; Allam and Mohamed, 2002; Santos et al., 2012). 
However, when stored at 6 months for 20°C, ethoxyquin was effective in limiting the extent of 
carbonyl formation in fish meal compared to product without antioxidants or treated with mixed 
tocopherols. This may be due to the extreme effectiveness of ethoxyquin as an antioxidant 
compared to tocopherols (Błaszczyk et al., 2013). This study did determine that rendered protein 
meals may be susceptible to protein oxidation during storage, and that antioxidants may limit the 
extent of protein oxidation. 
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In companion animal and aquaculture diets, rendered meals undergo extrusion which has 
the potential to induce further oxidation by exposing these ingredients to extreme heat. Results 
from chapter 5 showed that poultry blood meal, chicken by-product, and low ash chicken by-
product meal were susceptible to increased carbonyl formation as a result of extrusion. However, 
mixed tocopherols limited the extent of carbonyl formation in chicken by-product and low ash 
chicken by-product, while ethoxyquin was effective at limiting carbonyl formation in fish meal. 
The stability and activity of tocopherols at greater temperatures (Allam and Mohamed, 2002; 
Santos et al., 2012), as well as the documented carry through effect of ethoxyquin (Błaszczyk et 
al., 2013) contributes to the capability of antioxidants to limit carbonyl formation during 
extrusion. Physical characteristics such as color, durability, expansion, and density were also 
impacted by antioxidant inclusion. However, while some product benefited with the inclusion of 
antioxidants for a given trait, other products did not benefit for the same trait with the inclusion 
of antioxidants. The inconsistencies in physical characteristics among products warrants further 
research on how antioxidants interact with proteins affecting physical characteristics.  
The research conducted in chapters 3 through 5 confirm that rendered protein meals are 
susceptible to protein oxidation during storage and processing. However, it is unclear how 
inclusion of an oxidized rendered meal in the diet can impact growth and health of an animal. 
Chapters 6 and 7 details nutritional studies examining if short-term consumption (less than 35 
days) of oxidized rendered proteins (spray dried plasma – 10%, or chicken by-product meal – 
23%) can induce oxidative stress in pigs. In both studies, no systemic oxidative stress was 
induced. Other research has found dietary lipid oxidation products have induced oxidative stress 
in pigs (Boler et al., 2012; Liu et al., 2014; Lindblom et al., 2018). Therefore, while lipid 
oxidation in the diet has the potential to induce oxidative stress, the levels of dietary oxidized 
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protein used in this study did not induce oxidative stress. However, oxidation of the rendered 
protein in the diet did have negative impacts on the digestibility of the diet. 
The studies outlined in chapters 6 and 7 show that the digestibility of protein was reduced 
as a result of oxidation. Decreased nutrient availability may result in the increased surface area of 
the jejunum that was observed in both studies. In the second study, nitrogen balance was not 
different. The decrease in availability of nutrients may also have been a factor in the decreased 
feed efficiency of pigs consuming the oxidized ingredient. These findings show that oxidation 
should be considered in determining the availability of nutrients in diet formulation. 
It was originally hypothesized that storage and extrusion of rendered protein meals will 
cause an increase in protein oxidation that when fed to animals will reduce performance and 
induce oxidative stress. While certain rendered products were susceptible to protein oxidation 
during storage and processing, such as poultry blood meal and fish meal, this was not the case 
for all rendered protein meals. The results from the final two studies did not support the 
hypothesis that dietary oxidized protein induced oxidative stress. However, oxidation of an 
ingredient included in the diet can reduce the digestibility of protein, and decreased growth 
efficiency in pigs. The short feeding period of diets containing oxidized protein did not induce 
systemic oxidative stress measured by protein, lipid, and DNA damage in the plasma, liver 
jejunum, or colon. 
Differences were observed among rendered products in their susceptibility, antioxidant 
effectiveness, and physical characteristics. Therefore, due to the variation in composition of 
rendered protein ingredients, especially transition metal content, lipid/ amino acid profile, and 
proximate composition, general assumptions about all rendered protein meals should not be 
made. This research shows that each individual ingredient or class of ingredients should be 
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examined for susceptibility to protein oxidation and how they may perform during processing. 
Due to cost limitations, livestock would most likely not be fed diets containing extremely high 
levels of dietary oxidized protein. The studies here suggest that in such cases, oxidative stress is 
not induced. However, as pet owners request protein levels of diets up and past 50%, levels of 
oxidized protein may be similar to studies that have shown a change in oxidative status. Further 
research should examine other oxidized rendered protein meals, containing oxidized lipids and 
protein, included at 50% of the diet and the impact this might have on inducing oxidative stress 
during long term feeding. 
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